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Abstract
The exposure of marine mammals to mercury (Hg) is a concern to animal health yet 
concentrations in the brains of Arctic marine mammals and the neurotoxic effects have been 
insufficiently studied. Total Hg (THg), inorganic Hg (iHg) and methyl Hg (MeHg) were 
analyzed in different brain regions of ringed seals (Pusa hispida) and polar bears (Ursus 
maritimus). The concentration of THg was <2.5 pg/g dry weight (dw) in brain tissue of 
ringed seals (median MeHg >90%) and <1 pg/g dw in polar bears (100% MeHg). Mercury 
concentrations which have been linked to neurotoxicity in laboratory studies and wildlife 
observations have been identified. Total Hg concentrations in polar bear brains were below 
levels that elicit neurobehavioural effects while THg concentrations in ringed seals were 
within the range that induces neurobehavioural effects and few individuals exceeded the 
threshold for neurochemical changes. Concentration-response experiments demonstrated that 
iHg was a more potent inhibitor of choline esterase (ChE) and monoamine oxidase (MAO) 
activity and muscarinic acetylcholine receptor (mAChR) binding than MeHg in polar bear 
brain isolates in vitro but in environmentally-exposed samples higher THg concentrations 
were only linked to lower MAO activity. Higher THg and iHg concentrations were 
associated with lower MAO activity in ringed seal brain. Furthermore, in ringed seals, MeHg 
and iHg concentrations were related to N-methyl-d-aspartate receptor (NMDA-R) binding. 
These findings support the hypothesis that NMDA-R binding is an indicator of early effects 
of Hg exposure and show that MAO activity is sensitive to Hg exposure in ringed seal and 
polar bear brain. There was a significant relationship of Hg concentration in blood and brain 
tissue of ringed seals, thus blood could be a useful indicator of brain concentration. Both the 
comparison of Hg concentrations linked to neurotoxic endpoints and the characterization of 
neurochemical disruption in relation to toxicant exposure in wildlife populations represent 
valuable tools to evaluate potential adverse neurotoxic outcomes. The exceeded threshold 
levels of neurobehavioural effects in ringed seals and alterations of neurotransmitter systems 
by Hg species in both ringed seals and polar bears should be considered as warning of 
possible physiological consequences associated with contaminant exposure.
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1 General introduction
The accumulation of mercury (Hg) compounds in Arctic ecosystems has received extensive 
scientific and public attention because of the toxicity, primarily neurotoxicity, to animals and 
humans (AMAP 2011). Methylmercury (MeHg) has been found at concentrations exceeding 
human intake and wildlife toxicology guidelines in several arctic species (Chan et al. 2003, 
Hinck et al. 2006, Lockhart et al. 2005). There are indications that levels in some populations 
of marine mammal species such as Arctic ringed seals (Pusa hispida) and polar bears (Ursus 
maritimus) have increased compared to preindustrial times (Riget et al. 2011).
Marine mammals play an important role in the cultural, spiritual, social and economic 
existence of Inuit (Chan et al. 2006, Donaldson et al. 2010, Krai et al. 2011). The nutritional 
value of traditional foods and the active lifestyle associated with hunting and gathering 
events are an integral component of good health among Inuit (Kuhnlein and Chan 2000).
Ringed seals and polar bears can be considered as sentinel species in the study of 
contaminants (Bossart 2006, Kirk et al. 2010, Laidre et al. 2008, McRae et al. 2012, Moore 
2008, O'Brien et al. 1993, Tabor and Aguirre 2004, Tynan and DeMaster 1997) because they 
feed at the top of the arctic food chain and thus accumulate high levels of pollutants (AMAP 
2010, AMAP 2011). Their position in the food web makes them sensitive indicators of the 
health of the arctic marine ecosystem (de Wit et al. 2004).
Methylmercury accumulation in the brain of mammals has been linked to sensory and 
motor deficits and behavioural impairment (Clarkson and Magos 2006). In wildlife, anorexia, 
lethargy, muscle ataxia, motor control deficits, visual impairment, and convulsions preceding 
death have been associated with MeHg exposure (Wolfe et al. 1998).
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Irreversible behavioural changes are often preceded by modifications in brain chemistry 
and these neurochemical responses may be used as biomarkers to assess the health risk 
associated with Hg exposure in human and wildlife populations (Manzo et al. 1996). Several 
neurotransmitter systems have been found to be sensitive to Hg and MeHg exposure 
(Castoldi et al. 1996, Castoldi et al. 2001, Chakrabarti et al. 1998) and neurochemical 
disruption has been related to Hg exposure in wildlife (Basu et al. 2005a, Basu et al., Basu et 
al. 2005b, Basu et al. 2007c, Basu et al. 2009).
The general objectives of this thesis are to determine the concentrations and species of 
mercury in the brain, explore the effects of iHg and MeHg on neurotransmitter systems in 
ringed seals and polar bears, and examine the neurotoxic risk.
1.1 Objectives 
The specific objectives were:
1. To determine the concentrations of total Hg (THg) and Hg species, MeHg and inorganic 
Hg (iHg), in different brain regions of ringed seals and polar bears.
2. To explore the relationship between Hg exposure and neurochemical disruption in 
different brain regions of both species.
3. To establish concentration-response relationships between Hg species and neurochemical 
markers in polar bear brain isolates in vitro.
4. To assess the neurotoxic risk of Hg exposure in ringed seals and polar bears based on 
literature data.
5. To examine the correlation between blood and Hg brain concentrations and the use of
blood cells as surrogate biomarker of neurochemical disruption in ringed seals.
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1.2 Literature review 
Mercury cycle in the Arctic 
Global human activity such as the combustion of fossil fuels has increased the 
concentration of Hg which occurs naturally in all ecosystems (Pacyna et al. 2006). 
Anthropogenic sources contribute to -30%  of the global mercury emission budget, 2320 tons 
annually (Pirrone et al. 2010). An estimated 1930 tons of Hg were emitted from all 
anthropogenic sources worldwide in the year 2005 (Pacyna et al. 2010). The main 
contributors of anthropogenic Hg to the environment are the combustion of fossil fuels, 
mainly coal ( - 6 6 %), industrial processes such as the extraction of metals, cement and caustic 
soda production (30%) and waste disposal and incineration (Pacyna et al. 2006).
Mercury is emitted from sources in industrialized areas and can remain in the atmosphere 
as gaseous elemental mercury, Hg°, for up to two years. Long-range transport of Hg from 
densely inhabited areas is mainly via the atmosphere (Cheng and Schroeder 2000, Driscoll et 
al. 2013, Pacyna and Keeler 1995) and distribution in the Arctic Ocean can also occur with 
river discharge and ocean currents (Fisher et al. 2012, Kirk et al. 2012). During the polar 
sunrise, Hg° reacts with halogen radicals likely produced by ozone destruction and is
+9oxidized to gaseous reactive mercury, Hg (mercuric Hg) (Berg et al. 2003, Lindberg et al. 
2002, Schroeder et al. 1998). Mercuric Hg is then removed by particles and snow and is 
deposited on the snow surface. During snowmelt Hg enters the food web or is re-volatilized 
(Macdonald et al. 2005).
Specific microorganisms in the aquatic environment are able to convert inorganic Hg (iHg) 
into organic derivatives, such as mono-methylmercury (MeHg) and di-methylmerury (Barkay 
et al. 2011, King et al. 2001, Lehnherr et al. 2011, Parks et al. 2013, Pongratz and Heumann
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1999). However, experiments suggest that di-methylmercury is not bioaccumulated into 
phytoplankton and thus has limited opportunity for food web accumulation (Mason et al. 
1996).
Methylmercury has a higher affinity than iHg to bind to compounds that occur naturally in 
biota such as thiol groups in proteins. This capacity results in high absorption and slow 
excretion rates of MeHg in organisms (Clarkson 2002) and leads to the bioaccumulation and 
biomagnification of MeHg in food webs (Kirk et al. 2012, Lehnherr 2014). Whereas MeHg 
concentrations are relatively low in seawater, they are relatively high in marine biota and the 
role of di-methylmercury as a direct or indirect source of Hg into marine food webs needs to 
be evaluated (Lehnherr 2014).
Mercury levels in Arctic marine biota have been increasing since the industrial revolution 
(Outridge et al. 2002). The concentration of Hg in the teeth of Beaufort Sea belugas captured 
in the Mackenzie Delta in 1993 was approximately four times as high as in archeological 
samples dated A.D. 1450-1650 (Outridge et al. 2002), however this increase was not 
associated with changes in diet. Mercury concentrations in teeth are highly correlated with 
concentrations in soft tissue, including muktuk (whale skin and blubber consumed by 
Indigenous People). Therefore, it is likely that Hg in soft-tissue has increased to a similar 
degree since the industrial revolution. Recent studies suggest Hg levels in ringed seal teeth 
have increased 9- to 17-fold since the 14th century (Outridge et al. 2009), and median Hg 
concentrations in polar bear from northwest Greenland from 2006 and 2008 have increased 
23- to 27-fold compared to the baseline level in hair from 1300 AD (Dietz et al. 2011).
4
Mercury levels in ringed seals and polar bears 
The Hg concentration in ringed seal liver sampled in 2004 in Baffin Bay was 22.5 pg g' 1 
wet weight (ww), whereas the concentration in muscle was 0.7 pg g' 1 ww (Campbell et al. 
2005). In ringed seal muscle and liver, MeHg made up 80% (Campbell et al. 2005) and 2% 
(Wagemann et al. 2000), respectively. Polar bears sampled in 2000 in Alaska had lower 
concentrations of Hg than ringed seal originating from Baffin Bay: 14.2 pg g' 1 ww (3.6% 
MeHg) in liver and 0.09 pg g' 1 ww in muscle (78% MeHg) (Woshner et al. 2001a). Polar 
bears are not expected to have higher levels of mercury than their prey (mostly ringed seals), 
because they feed primarily on blubber which has a lower Hg content than other organs, 
0.002±0.001 pg g' 1 ww in ringed seals (Woshner et al. 2001a).
Concentrations of MeHg and inorganic Hg (iHg) have been measured in grey seal 
(Halichoerus grypus) brain sampled in Nova Scotia in 1972 (Freeman and Home 1973). 
Total Hg ranged from 0.19 to 0.45 pg g' 1 ww (n=6 ). Methylmercury was measured in two 
animals and was <0.01 and 0.024 pg g"1 ww, respectively. Skaare et al. (1994) reported Hg 
levels ranging from 0.01 pg g’1 ww to about 0.1 pg g' 1 ww in ringed seals and harp seal 
(Pagophilus groenlandicus) brains (n=31) from the Norwegian coast in 1989/1990. In one 
ringed seal brain from Canada, 0.08 pg g' 1 ww was detected (Chan et al. 1995). However, 
intra-species, temporal and spatial concentrations of pollutant vary greatly and should be 
considered with caution (Bignert et al. 1994, Bignert et al. 2004).
Inorganic mercury and methylmercury in the brain 
Inorganic Hg does not cross the blood-brain barrier efficiently (Pamphlett and Jew 2013, 
Pamphlett and Waley 1996). However, MeHg enters the brain possibly in a cysteine complex
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(Clarkson and Magos 2006). Studies suggest that demethylation of MeHg takes place in the 
brain of laboratory rodents and monkeys (Berlin et al. 1975a, Korbas et al. 2010, Syversen 
1974, Thomas et al. 1988, Vahter et al. 1995). Vahter et al. (1995) exposed monkeys orally 
to MeHg for 6 to 12 months and the concentrations of MeHg and iHg increased in all 
measured brain sites. Inorganic Hg constituted about 9% of the THg at 6 and 12 months and 
12% at 18 months in most brain parts. The elimination half-life for iHg was between 230 and 
540 days in most brain sites compared to 37 days for MeHg (Vahter et al. 1995), which 
supports previous observations that iHg slowly accumulates in the brain (WHO 1990).
Toxicity of inorganic mercury and methylmercury
The kidneys are the major target of acute iHg poisoning (Zalups 2000). Chronic exposure 
to iHg affects mainly the central nervous system (CNS) and may cause permanent damage 
(Clarkson and Magos 2006). Symptoms of chronic toxicity include renal complications, 
central neuropathy and extensive alterations in behaviour (Tchounwou et al. 2003). Inorganic 
mercury exposure has also been linked to autoimmune diseases and has adverse effects on 
the immune system (Clarkson and Magos 2006).
Methylmercury toxicity is mostly apparent in the damage of the CNS including sensory 
and motor deficits and behavioural impairment, but has also shown to affect reproductive 
outcomes and the immune and cardiovascular systems (Mergler et al. 2007). The 
consumption of fish with high levels of MeHg by the local cat (Aronson 2005) and human 
population of Minamata Bay in 1956 caused neurological diseases such as sensory deficits 
and tremors (Clarkson and Magos 2006, Mergler et al. 2007). Minamata studies suggest that
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the lowest observed effect level for the onset of neurotoxic effects is about 30 to 50 ppm 
mercury in hair (Sanfeliu et al. 2003).
Several studies have shown mercury-related deficits in motor and sensory function in human 
populations exposed to dietary MeHg (Mergler et al. 2007). Wildlife exposed to MeHg show 
anorexia, lethargy, muscle ataxia, motor control deficits, visual impairment, and convulsions 
preceding death (Wolfe et al. 1998).
Mechanisms of mercury toxicity
Many mechanisms have been shown to contribute to the neurotoxicity of mercury 
compounds. Whereas the molecular mechanisms of neurotoxicity associated with Hg 
exposure are not totally understood there are indications that impairment in intracellular 
calcium homeostasis, alteration of glutamate homeostasis and oxidative stress are important 
mechanisms in MeHg-induced neurotoxicity (Castoldi et al. 2001, Farina et al. 2011a, 
Reardon and Bhat 2007). Franco and colleagues (2007) demonstrated that the glutathione 
system is a potential target for iHg. Also, neurotransmitter systems are well-known targets of 
MeHg and iHg in laboratory animals (Castoldi et al. 1996, Castoldi et al. 2001, Chakrabarti 
et al. 1998).
Selected components of neurotransmitter systems linked to mercury toxicity 
Inorganic Hg and MeHg can have negative effects on enzyme function, receptors and ion 
channels in vitro and in vivo. These changes can lead to disruptions of intra- and intercellular 
signaling processes in the nervous system (Clarkson and Magos 2006). Several 
neurotransmitter systems have been found to be sensitive to iHg and MeHg exposure.
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Neurotransmitter systems are involved in learning and memory processes (Myhrer 2003) and 
disruption of brain neurochemistry can negatively affect behaviour (Shih 2004, Wess 2004). 
Neurotransmitter receptors are components of intercellular signaling within the nervous 
system that mediate inhibitory or excitatory effects on membrane potential. They are also 
essential in activating a cascade of intracellular signals that affect biochemical and genetic 
pathways (Rho and Storey 2001). Many neurotransmitters are broken down by substrate- 
specific enzymes.
The cholinergic system
Acetylcholine (ACh) is a major neurotransmitter in the central and peripheral nervous 
systems and binds to two different plasma membrane receptors: nicotinic (nAChRs) and 
muscarinic ACh receptors (mAChRs). Nicotinic AChR are ionotropic receptors: binding of 
acetylcholine opens a channel through which Na+, Ca2+ and K+ flow and induces a range of 
biological responses (Albuquerque et al. 2009). Muscarinic AChRs are G-protein-coupled 
(Wess 2004) and there are five subtypes. Muscarinic AChR 2 and 4 inhibit adenylate cyclase 
and/or modulate membrane polarization by regulating K+ and Ca2+ channels. The subtypes 
m l, m3 and m5 activate phospholipase C and the release of intracellular Ca+ stores (Rho and 
Storey 2001). Muscarinic AChRs are widely distributed throughout the central nervous 
system and the body periphery. In the periphery, mAChRs mediate actions of ACh on the 
heart, endocrine and exocrine glands, and smooth muscle tissues. Central mAChRs are 
involved in sensory, cognitive, and motor functions (Wess et al. 2003).
Cholinesterase (ChE) catalyzes the hydrolysis of ACh into choline and acetic acid (Silman 
and Futerman 1987). Acetylcholinesterase (EC 3.1.1.7) (AChE), is primarily associated with
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nerves and muscles whereas butyrylcholinesterase (EC 3.1.1.8) (BChE) is found in the liver. 
The two forms are distinguished by their substrate preferences: AChE hydrolyses 
acetylcholine more quickly; BChE hydrolyses butyrylcholine (Frasco et al. 2007). 
Cholinesterases exist in both membrane-bound and soluble forms (Chubb and Smith 1975). 
The cholinergic system is involved in many aspects of the nervous system, including 
muscular contraction and cognitive function and the consequences of disturbing this system 
are complex (Moser 1995). The clinical signs of intoxication linked to cholinesterase 
inhibitors in rats include altered neuromuscular function, decreased motor activity and 
hypothermia (Moser 1995).
The aminergic system
Monoamine oxidase (MAO) is an enzyme (EC 1.4.3.4) that catalyzes the oxidation of 
monoamines such as dopamine and serotonin (5-hydroxytryptamine, 5-HT) in brain and 
peripheral tissues. There exist two forms of the enzyme; MAO-A and MAO-B. They are 
found bound to the outer membrane of mitochondria. Some tissues such as platelets mostly 
contain MAO-B while other tissues (human placenta, bovine thyroid) contain mainly MAO- 
A. MAO-A has a higher affinity for the substrates serotonin (5-HT), norepinephrine (NE), 
and dopamine, while MAO-B has higher affinity for phenylethylamine (PEA). In most 
species dopamine can be oxidized by both forms of the enzymes (Shih et al. 1999). 
Monoamine oxidase is involved in aggressive behaviour and reaction to stress and fear (Shih 
et al. 1999). Genetic deficiencies in MAO activity in humans have been associated with 
severe clinical disorders including mental retardation and alteration of aggressive behaviour 
(Bortolato and Shih 2011).
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The glutamatergic system 
The amino acid glutamate is one of the most common excitatory neurotransmitters in the 
CNS (von Bohlen und Halbach and Dermitzel 2002). The N-methyl-D-aspartate (NMDA) 
receptor, one of the three ionotropic glutamate receptors, is membrane-bound and widely 
distributed in the CNS (Ozawa et al. 1998). The activation of the NMDA receptor requires 
the simultaneous binding of glutamate and glycine. Opening of the channel allows Ca+2 and 
Na+ ions to enter the cell (Waxman and Lynch 2005). The NMDA receptor plays a role in 
learning and memory and is essential in the induction, expression and modulation of synaptic 
plasticity (Collingridge et al. 2004, Wojciech and Parsons 1998).
Components of these neurotransmitter systems are well-known targets of MeHg and iHg in 
laboratory animals (Castoldi et al. 1996, Castoldi et al. 2001, Chakrabarti et al. 1998).
Selected effects of iHg and MeHg on neurotransmitter systems in laboratory studies 
Omata et al. (1982) have shown that the pattern of neurotransmitter metabolism in the 
brain was altered in rats exposed to subcutaneous injections of MeHg: AChE and choline 
acetyltransferase activity were lowered whereas tyrosine hydroxylase and MAO activity were 
elevated in brain tissue. Chakrabarti et al. (1998) demonstrated that MeHg decreased MAO 
activity in brain synaptosomes of rats.
In rat brain, iHg and MeHg affected binding characteristics of the ml and m2 AChR 
subtypes (Castoldi et al. 1996). Coccini et al. (2000) have shown that low doses of MeHg 
(chronic ingestion) significantly increased the density of mAChR in the hippocampus and 
cerebellum of rats.
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Antagonists of the NMDA receptor can mitigate MeHg-induced toxic effects both in vivo 
and in vitro in rat experiments (Castoldi et al. 1996, Juarez et al. 2005, Miyamoto et al. 
2001). This shows that the NMDA receptor plays a role in MeHg neurotoxicity (Juarez et al. 
2005). Vidal et al. (2007) showed by using in vivo brain microdialysis technique that 
mercuric chloride (HgCh) over-stimulated the NMDA receptor and increased dopamine 
release in rat striatum.
These findings in laboratory animals demonstrate that many mechanisms contribute to iHg 
and MeHg neurotoxicity, which are associated with various neurochemical pathways. 
Neurotoxic effects of mercury exposure in wildlife can be assessed through the study of 
neurotransmitter systems of mercury-exposed wildlife.
Assessing neurotoxic risk 
Neurotoxicity is defined as “an adverse change in the structure or function of the central 
and/or peripheral nervous system following exposure to a chemical, physical, or biological 
agent” (Tilson 1990). Examples of possible indicators of a neurotoxic effect (EPA 1998) 
include structural or neuropathological endpoints (e.g. histologic changes in neurons or glia), 
neurochemical endpoints (e.g. alterations in synthesis, release, uptake, degradation of 
neurotransmitters), neurophysiological endpoints (e.g. change in velocity or amplitude of 
nerve conduction), behavioural and neurological endpoints (e.g. changes in motor 
coordination, abnormal movement, tremors); changes in learning, memory, and attention and 
developmental endpoints (e.g. chemically induced changes in the growth or organization of 
structural or neurochemical elements) (EPA 1998). These neurotoxic effects are difficult to 
measure in arctic marine mammals.
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According to Fisk and colleagues (2005) there are two basic methods to evaluate possible 
neurotoxic effects of Hg in wildlife. The potential effects of Hg can be assessed by 
comparing concentrations in the brain of arctic marine mammals to levels known to have 
harmful effects on the central nervous system as shown in laboratory studies or observations 
of affected wildlife (Tissue Residue Approach (TRA)) (Sappington et al. 2011). Species 
differences and the use of single contaminants, the dose and exposure time which generally 
differ between laboratory experiments and conditions in the Arctic make comparison and 
extrapolation difficult.
Another approach is the use of biomarkers, an effect in the central nervous system 
associated with mercury exposure. The majority of studies of the sensitivity of sub-cellular 
biomarkers have been conducted in controlled laboratory experiments. Species differences 
and the impossibility to prove that Hg and not something else caused the neurotoxic effect 
make the use of biomarkers in wild animals challenging (Fisk et al. 2005).
The main concerns regarding the role of contaminants on wildlife health are potential long­
term effects of chronic exposure. However, determining subtle health effects of 
environmental contaminants on arctic wildlife is difficult. Epidemiological studies rely on 
health effects that have already occurred in a population (Manzo et al. 1996).
Biomarkers of toxic effects provide the possibility of demonstrating an interaction between 
chemicals and biological systems. A biomarker is defined as “a change induced by a 
contaminant in the biochemical or cellular components of a process, structure or function that 
can be measured in a biological system” (WHO 1993). Biomarkers may indicate changes in 
biological systems that are otherwise not apparent due to their complexity or scale. The 
following molecular endpoints have received special attention for their use as biomarkers of
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contaminant exposure: cytochrome P4501A induction, deoxyribonucleic acid (DNA) 
integrity, AChE activity and metallothionein induction. Mercury has been shown for example 
to induce metallothioneins and decrease AChE activity (Sarkar et al. 2006). However, 
changes in biomarkers may not necessarily reflect toxicity but instead may be evidence that 
adaptive biochemical changes have occurred (Letcher et al. 2010).
Neurochemical markers in wildlife
Possible neurological effects associated with chronic exposure to environmental chemicals 
are still not fully understood (Basu and Head 2010, Manzo et al. 1996). Neurotoxicant 
exposure may result in modifications of brain chemistry, which often occur before 
irreversible behavioural changes (Manzo et al. 1996, Manzo et al. 2001). Neurotoxicological 
effects are often similar across mammalian species (Basu and Head 2010). There are 
differences for example in detoxification pathways: terrestrial mammals have a higher 
capacity than marine mammals to bind metals to metallothionein (Das et al. 2000). However, 
neurochemical responses may be used as biomarkers to assess the health risk caused by 
neurotoxicant exposure in human and wildlife populations (Basu and Head 2010, Manzo et 
al. 1996).
Interruptions of neurochemical receptors and enzymes in the nervous system have been 
connected to behavioural changes in laboratory animals (Shih 2004, Wess 2004). For 
example, MAO-A knockout mice showed increased aggressive behaviour (Shih 2004). Rats 
exposed to MeHg showed decreased MAO activity and ataxia (Chakrabarti et al. 1998). Wess 
(2004) reported that mAChR 1 deficient mice showed cognitive deficits.
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Neurochemical responses to neurotoxicant exposure have been measured in wildlife. It has 
been shown that higher THg and MeHg concentrations correlate with the disruption of 
neurotransmitter systems in wild mink (Mustela vison) and river otters (Lontra canadensis) 
(Basu et al. 2005a, Basu et al. 2005b). A significant positive correlation was found between 
THg, MeHg and mAChR density in brain tissue of mink (Basu et al. 2005a). In the cerebral 
cortex of wild river otter, concentrations of inorganic and organic Hg correlated negatively 
with mAChR density (Basu et al. 2005b). The variable neurochemical responses in river otter 
and mink can be explained by differences between the species and concentrations of Hg, 
proportion of organic mercury in the brain, and the selenium-to-mercury (Se:Hg) molar ratio. 
Mink were reported to be more susceptible to Hg intoxication compared to river otter (Basu 
et al. 2005b). In isolated cerebellum membranes of ringed seals, mercury inhibited ligand- 
binding to the mAChR (Basu et al. 2006a). Data from Basu et al. (2007b) show that 
environmentally relevant concentrations of THg may influence the activities of ChE and 
MAO in the cerebral cortex of river otters. Furthermore, NMDA receptor levels in the brain 
were negatively correlated with concentrations of total Hg and MeHg in wild mink (Basu et 
al. 2007c). In wild river otter, a significant association was found between THg and NMDA 
receptor levels in the brain stem but not in the cerebellum and occipital cortex even if total 
Hg concentrations were not significantly different between the brain regions (Dombos et al. 
2013). No relationships were found between gamma-aminobutyric acid receptor (GABA-R) 
and THg concentration in river otter brain (Dombos et al. 2013).
A significant negative correlation was measured between THg, MeHg concentrations and 
NMDA-R levels in the brain stem (medulla oblongata) of polar bears from East Greenland
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(Basu et al. 2009). Mercury concentrations were not correlated with dopamine-2 receptor, 
GABA-R A, mAChR, nAChR, ChE and MAO in polar bear brain stem (Basu et al. 2009).
Cholinergic and dopaminergic systems in blood cells share a number of properties with 
tissues in the central nervous system and provide more accessible specimens to measure the 
effects of neurotoxicant exposure in living organisms. Previous research has shown that 
methylmercury has the same effects on neurotransmitter systems in brain tissue and blood 
cells (Chakrabarti et al. 1998, Coccini et al. 2000). Chakrabarti et al. (1998) demonstrated 
that MeHg decreased MAO activity in brain synaptosomes and platelets in rats in vivo. An 
increase in mAChR density in lymphocytes preceded the same effect in different brain sites 
after oral exposure to MeHg in rats (Coccini et al. 2000). Contrary, in children from the 
Faroe Islands no correlation was found between Hg concentration in blood and levels of 
mAChR binding in lymphocytes and MAO-B activity in platelets (Coccini et al. 2009). The 
authors suggested that peripheral MAO-B and mAChRs may be not sensitive enough for 
assessing early effects of MeHg at low exposure levels (Coccini et al. 2009). Nevertheless, 
there was a significant negative association between platelet MAO-B activity and blood-Hg 
in a Canadian fish-eating population in Quebec (Stamler et al. 2006). In Canadian Inuit, 
reduced platelet-MAO activity was associated with increasing Hg concentrations in blood of 
females (Shaw 2010).
Confounding factors, such as genetic variability and epigenetic modifications, could affect 
background levels of these neurochemical markers (Beckmann and Lips 2013, Oreland et al. 
2007, Shumay et al. 2012).
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1.2 Study species
Arctic wildlife such as polar bears (Ursus maritimus) and ringed seals (Pusa hispida 
hispida) can be used as sentinel species (Bossart 2006, Kirk et al. 2010, Laidre et al. 2008, 
McRae et al. 2012, Moore 2008, O'Brien et al. 1993, Tabor and Aguirre 2004, Tynan and 
DeMaster 1997). Both ringed seals and polar bears are common in the Arctic, have a year- 
round circumpolar distribution (DeMaster and Stirling 1981, McLaren 1958, Smith 1987) 
and due to their high trophic status and long life span biomagnify relatively high 
concentrations of Hg and other contaminants (AMAP 2005, de Wit et al. 2004, Stamler et al.
2005).
Arctic ringed seals (Pusa hispida hispida, Schreber 1775) are the most common arctic seal 
and typically remain in ice-covered waters year-round. Polar bears (Stirling and Archibald 
1977), polar fox (Alopex lagopus) (Smith 1976) and glaucous gulls (Larus hyperboreus) 
(Lydersen and Smith 1989) are predators on ringed seals, primarily their pups. Ringed seals 
feed on a variety of prey organisms such as arctic/polar cod (Boreogadus saida), amphipods 
(Parathemisto libellula) and other crustaceans (McLaren 1958, Smith 1987). The diet of 
ringed seals is variable among location (Holst et al. 2001), season (Labansen et al. 2011), sex 
(Dehn et al. 2007), and age (Holst et al. 2001, Young et al. 2010). Ringed seals are flexible 
and opportunistic feeders as shown by inter-annual variations in their diet and high variability 
among individuals (Carroll et al. 2013).
Preferred ringed seal habitat is land-fast ice where they construct and maintain breathing 
holes and breeding lairs (McLaren 1958, Smith 1987, Wagemann et al. 1996). Whereas 
ringed seals show a strong fidelity to breeding sites (Kelly et al. 2010) they may migrate long
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distances during summer when sea ice extent is reduced (Kelly et al. 2010, Martinez-Bakker 
et al. 2013). Their distribution is associated with seasonally and permanently ice-covered 
waters and food availability (Freitas et al. 2008). Whereas sub-adult ringed seals spend most 
time in water in the upper 50 m, adults tend to spend more time in greater depth, up to 500 m 
(Bom et al. 2004).
Mean age at sexual maturity for ringed seals was reported 5 to 8 years for females and 6  to 
8 years for males (McLaren 1958). A single pup is bom in spring in the beginning of April 
(McLaren 1958) in lairs excavated in snow or between blocks of ice in pressure ridges 
(Furgal et al. 1996, McLaren 1958, Smith and Stirling 1975). Lactation lasts approximately 
40 days; pups are weaned at about 22 kg (Hammill et al. 1991) and females mate towards the 
end of the lactation period (McLaren 1958). Moulting takes place from around mid-May to 
mid-July (McLaren 1958). Ringed seals are long lived with ages up to 45 years in the wild 
(Lydersen and Gjertz 1987).
In Canada, the population estimate was approximately 2.5 million individuals (Niemi et al.
2010) whereas the circumpolar estimate was 6  to 7 million in the late 1970s (Stirling and 
Calvert 1979).
The polar bear (Ursus maritimus Phipps 1774) is considered to be a marine mammal since 
it spends most of its life on sea ice rather than on land. Polar bears are carnivores and the top 
predator in the Arctic marine ecosystem and consume mainly aquatic food such as seals 
(Stirling 1998). Their main energy source is seal blubber, primarily from ringed seals (Pusa 
hispida) and bearded seals (Erignathus barbatus) (Derocher et al. 2002, Stirling and 
Archibald 1977). Bearded seals are taken less frequently than ringed seals but they are larger
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than ringed seal and thus contribute a large share to the polar bear diet (Stirling and 
Archibald 1977). The biomass of the known components of polar bear diet consisted of 55% 
bearded seals, 30% ringed seals and 15% harp seals (Phoca groenlandica) in the western 
Barents Sea (Derocher et al. 2002). In the eastern Beaufort Sea and Amundsen Gulf ringed 
seals contributed 67% and bearded seals 33% to the overall prey biomass (Pilfold et al. 
2012). Adult male polar bears have been shown to feed on significantly more bearded seal 
than adult female or sub-adult bears which consume primarily ringed seal (Thiemann et al. 
2011). Other marine mammals, fish or the terrestrial food web probably do not play an 
important role in polar bear diet (Derocher et al. 2002, Derocher et al. 2000, Dyck and 
Romberg 2007, lies et al. 2013, Prop et al. 2013, Ramsay and Stirling 1988, Smith and Sjare 
1990, Stirling and Archibald 1977).
Polar bears reach sexual maturity approximately in the age of 5 years (Ramsay and Stirling 
1988, Rosing-Asvid et al. 2002). Mating takes place in March to June and the development 
of the fertilized egg is deferred until September/October (delayed implantation). Pregnant 
females enter a den in late fall where 1 to 3 cubs are bom at the end of the year and are 
nursed with very fat (33%) milk. When the family emerges from the den in March/April the 
mothers have fasted for several months. Females stay with their cubs for 2 to 2.5 years until 
the mother mates again. Polar bears live generally an average of 15 to 18 years, but 30 year 
old bears have been discovered in the wild (Stirling 1998).
The preferred habitat of polar bears is the annual sea-ice throughout the circumpolar Arctic 
(DeMaster and Stirling 1981). Adult bears are dispersed as solitary individuals in overlapping 
home ranges and they do not defend territories (Stirling 1998). Polar bears demonstrated high 
degrees of site fidelity (Cherry et al. 2013). Some bears use sea-ice in all seasons, while other
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bears stay on land for some time of the year, and space-use varies among different 
populations, subpopulations and individuals (Ferguson et al. 1999, Ferguson et al. 1997, 
Ferguson et al. 2001, Mauritzen et al. 2001, Taylor et al. 2001).
The estimate of the numbers of polar bears was 20,000 to 25,000 circumpolar in 2010 
(Obbard et al. 2010). Of the 19 worldwide subpopulations 13 are entirely or partly under 
Canadian jurisdiction (Thiemann et al. 2008). Polar bears are protected since 1973 except for 
harvest by Indigenous People (Article III of the international Agreement on the Conservation 
of Polar Bears, Oslo 1973) (CIESIN 1973). The polar bear is considered “Vulnerable” on the 
International Union for Conservation of Nature (IUCN) Red List since 2008 because of the 
predicted decrease in polar bear numbers and habitat quality (Schliebe et al. 2008). The 
Committee on the Status of Endangered Wildlife in Canada (COSEWIC) has declared the 
polar bear as a species “of special concern” in 2008 (COSEWIC 2008) and it is listed as such 
in the Species at Risk Registry (SARA).
The health of marine mammal populations is of special importance for Indigenous Peoples 
in the Arctic because traditional hunting activities and food are crucial for their cultural, 
spiritual (Borre 1991, Borre 1994, McGrath-Hanna et al. 2003, Pufall et al. 2011), social 
(Hanrahan 2008) and economic survival (Condon et al. 1995, Wenzel 1978, Wenzel 2009). 
Furthermore, physical health is supported by the active lifestyle connected to hunting and 
gathering and the nutritional benefits of country foods (Kuhnlein and Chan 2000). Ringed 
seals are an important component of the traditional diet of Northern Indigenous People 
(Borre 1991, King 1983). The harvesting, processing, sharing and consumption of traditional 
foods contributes to the nutrition, identity, culture, and economy of individuals and
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communities in the Canadian north (Chan et al. 2006, Donaldson et al. 2010, Krai et al.
2011). The apex predator in the arctic ecosystem, the polar bear, has been hunted mainly for 
its fur and sport hunting is an important source of income in many Canadian communities in 
the Arctic today (Freeman and Wenzel 2006, Wenzel 2011). Polar bears play an important 
role in their cultural, spiritual, social and economic subsistence (Freeman and Wenzel 2006) 
and many Inuit hunters remember precisely the details of each bear they hunted (Van de 
Velde et al. 2003).
Measurements of neurotransmitter systems involve sampling of brain tissue that is fatal to 
the animal being studied. Given the vulnerability of many marine mammal populations to 
disturbance, this approach is not be desirable from an ethical and practical standpoint (Fossi 
et al. 1999). However, marine mammals may be sampled following harvest, with the 
approval of harvesters and community organizations. Indigenous People in the Arctic harvest 
ringed seals as a food source year-round (Furgal et al. 2002, King 1983). Polar bears are 
mainly hunted by sports hunters which pay for licenses to Canadian communities in the 
Arctic (Freeman and Wenzel 2006).
1.3 Rationale
Extensive research has improved our understanding of spatial and temporal patterns of
contamination in the Arctic. There is an important knowledge gap on biological effects of
contaminants in Canadian arctic biota (Muir et al. 2005). Methylmercury has been found at
concentrations exceeding human intake and wildlife toxicology guidelines in several arctic
species (Chan et al. 2003, Hinck et al. 2006, Lockhart et al. 2005) but there are limited data
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on the effects of environmental contaminants on the reproductive, immune, endocrine and 
nervous system of arctic wildlife. The concept of sentinel organisms offers an approach to 
evaluating ecosystem health (Bossart 2011). This study is designed to improve our 
understanding of the neurotoxic effects of Hg on arctic marine mammals. The Tissue Residue 
Approach (TRA) is one method for estimating risks to wildlife (Fisk et al. 2005, Sappington 
et al. 2011). Furthermore, alterations in brain chemistry can be used as indicators of adverse 
neurological effects and should be considered as warning of possible physiological responses 
associated with contaminant exposure (Basu et al. 2006b). Biomarkers can demonstrate 
effects of exposure to neurotoxic substances in sentinel species and can be an important tool 
in ecological and human risk assessment.
1.4 Approach
The general objective of this study is to understand the chemistry of Hg in the brain and 
the effects of iHg and MeHg on neurotransmitter systems in ringed seals and polar bears.
Concentrations of Hg species, MeHg and iHg, in brain tissue of polar bears had not been 
reported previously. In chapter 2, I developed a method to determine the concentrations 
MeHg and iHg in brain tissue. I report on concentration of THg, MeHg and iHg in three 
different brain regions of polar bears from Nunavik, Northern Quebec, and compare those to 
levels reported from other mammals in chapter 2. The main hypothesis was that Hg 
concentrations were similar to those reported in brain stem from Greenlandic polar bears and 
that the proportion of MeHg was similar to other marine mammals.
Whereas there are indications that Hg species can disrupt neurotransmitter systems in
piscivorous mammalian wildlife no data were available on arctic marine mammals. Chapter 3
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explores the relationship between Hg concentrations and neurochemical enzyme activities 
and receptor binding in three different brain regions of polar bears. Additionally, I describe in 
vitro experiments to compare the effects of iHg and MeHg on MAO and ChE activity and on 
mACh receptor binding in pooled brain homogenate. The hypotheses were that Hg species 
can alter neurotransmitter systems in vitro and that such correlative relationships can be 
observed in environmentally-exposed polar bear brains.
The purpose of Chapter 4 is to evaluate the neurotoxic risk of Hg exposure in ringed seals 
and polar bears. I conducted a literature review on available brain concentrations associated 
with neurotoxic effects in laboratory studies and field observations to identify critical brain 
concentrations for monitoring arctic marine mammals. Different levels of neurotoxicity were 
categorized and compared to concentrations of THg in ringed seals and polar bears. The 
hypothesis was that concentrations of THg in ringed seals and polar bears are lower than 
brain concentrations associated with Hg toxicity in other mammalian species.
Publications on the concentration of Hg in ringed seal brain are rare and results of Hg 
speciation in ringed seal brain tissue were not reported previously. The dose-response 
relationship of iHg and MeHg on mAChR had been studied in ringed seal brain isolates. 
However, no data were available on effects o f Hg on neurochemical marker in brain tissue of 
environmentally-exposed ringed seals. In chapter 5, 1 investigate the concentration of THg, 
MeHg and iHg and their association with components of neurochemical signaling pathways, 
MAO activity and mAChR and NMDA-R binding, in different brain regions of ringed seals 
sampled in Nunavut. The main hypothesis was that Hg species in ringed seal brain can affect 
neurochemical signaling pathways.
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Measurements of neurotransmitter systems involve sampling of brain tissue that is fatal to 
the animal being studied and less invasive methods would be preferred. Cholinergic and 
dopaminergic systems in blood cells share a number of properties with tissues in the central 
nervous system of mammals. In chapter 6 [ examine the correlation of blood and brain 
concentrations and describe the use of blood cells as a surrogate biomarker of neurochemical 
disruption in ringed seals. The intention was to explore a possible relationship of potential 
modifications of these markers by Hg species between blood cells and brain tissue. The 
hypotheses were that modifications of the neurochemical markers can be associated with Hg 
exposure in brain tissue and blood cells; that modifications in blood and brain tissue are 
associated; and that concentrations of Hg compounds show a correlative relationship between 
blood and brain tissue.
In chapter 7, I summarize the findings and evaluate the significance of Hg-associated 
neurochemical disruption in ringed seals and polar bears.
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2 Mercury speciation in brain tissue of polar bears (Ursus maritimus) from the 
Canadian Arctic
2.1 Abstract
Methylmercury (MeHg) is a neurotoxicant that has been found at elevated concentrations 
in the Arctic ecosystem. Little is known about its concentrations in wildlife such as polar 
bears. We measured concentrations of mercury (Hg) in three different brain regions 
(cerebellum, frontal lobe and brain stem) of 24 polar bears collected from Nunavik, Canada 
between 2000 and 2003. Speciation of Hg was measured by High Performance Liquid 
Chromatography coupled to Inductively Coupled Plasma Mass Spectroscopy (HPLC-ICP- 
MS). Concentrations of mean THg in brain tissue were up to 625 times lower (0.28+/- 0.07 
mg kg' 1 dry weight (dw) in frontal lobe, 0.23+/- 0.07 mg kg' 1 dw in cerebellum and 0.12+/- 
0.03 mg kg’1 dw in brain stem) than the mean THg concentration previously reported in polar 
bear liver collected from Eastern Baffin Island. Methylmercury (MeHg) accounted for 100% 
of the Hg found in all three brain regions analyzed. These results suggest that polar bear 
might reduce the toxic effects of Hg by limiting the uptake into the brain and/or decrease the 
rate of demethylation so that Hg can be excreted from the brain more easily. The 
toxicokinetics and the blood-brain-barrier mechanisms of polar bears are still unknown and 
further research is required.
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2.2 Introduction
There have been extensive reports on the sources and accumulation of mercury (Hg) 
compounds in Arctic ecosystems (AMAP 2011). Mercury poses a potential threat to the 
health of wildlife and humans because of its known neurotoxicity (Mergler et al. 2007, 
Risher and De Rosa 2007, Scheuhammer et al. 2007). Both wildlife and humans are exposed 
to Hg primarily through dietary uptake as methylmercury (MeHg) bioaccumulates and 
biomagnifies in the food web (Campbell et al. 2005, Chen et al. 2008). Polar bears ( Ursus 
maritimus) are one of the top predators in the Arctic and can bioaccumulate Hg at high levels 
(AMAP 2011). A mean concentration of 164 mg kg' 1 dry weight (dw) (converted from wet 
weight (ww) assuming 62% moisture in polar bear liver as stated by Kannan and colleagues 
(Kannan et al. 2007)) has been reported in polar bear liver from the Southeastern Beaufort 
Sea (Rush et al. 2008). In the last 15 years, extensive monitoring programs have been 
implemented to measure tissue concentrations of contaminants including Hg in key species 
of marine mammals across the arctic including polar bears (AMAP 2005, Fisk et al. 2003). 
However, few results provided data on concentrations in brain tissue, which is a target organ 
of MeHg (Clarkson and Magos 2006).
Mercury occurs naturally in all ecosystems, but the concentration in the environment has
increased due to anthropogenic activities such as the combustion of fossil fuels (Pacyna et al.
2006). The major pathway of Hg to the Arctic is via atmospheric transport (Cheng and
Schroeder 2000, Pacyna and Keeler 1995). In the aquatic environment, specific
microorganisms are able to convert inorganic Hg into organic derivatives, such as MeHg
(King et al. 2001, Pongratz and Heumann 1999). Methylmercury has a higher affinity than
inorganic Hg to bind to thiol compounds that occur naturally in biota. This capacity results in
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high absorption and slow excretion rates of MeHg in organisms (Clarkson 2002) and leads to 
the bioaccumulation and biomagnification of MeHg in food webs (AMAP 2005). 
Methylmercury is able to enter the brain (Clarkson and Magos 2006) and demethylation has 
been shown to take place in the brains of mammals (Shapiro and Chan 2008, Vahter et al. 
1995).
Even though the brain is the target organ, there is relatively little information in the 
literature on the concentrations of Hg in the brain of wildlife, possibly because of the 
difficulties of obtaining brain tissues. Mean Hg concentrations less than 0.0002 mg kg' 1 ww 
(-0.001 mg kg' 1 dw) have been detected in the brain tissues of North American beaver 
(Castor canadensis) (n=19), muskrat (Ondatra zibethicus) (n=14), red fox ( Vulpes vulpes) 
(n=12) and raccoon (Procyon lotor) (n=12) collected in Wisconsin, USA (Sheffy and St 
Amant 1982). In otter {Lontra canadensis) brain (n=6 6 ) collected from Nova Scotia, Canada, 
Hg ranged from 0.3 to 18 mg kg' 1 dw (Haines et al. 2010) and in mink (Mustela vison) brain 
(n=l 87) from Eastern Canada Hg ranged from 0.1 to 18 mg kg' 1 dw (Klenavic et al. 2008). In 
Australian fur seals (Arctocephalus pusillus) (n=16), Hg concentration in the brain was found 
to be 0.7 mg kg' 1 ww (-2.3 mg kg"1 dw) (Bacher 1985). Total Hg concentrations in the brain 
of bottlenose dolphins (Tursiops truncatus) stranded in the Gulf of Mexico (n=20) ranged 
from 0.23 to 20 mg kg' 1 dw (Meador et al. 1999). The brain Hg concentration in striped 
dolphins (Stenella coeruleoalba) (n=l 1) from the Mediterranean Sea ranged from 3 to 186 
mg kg' 1 dw (Capelli et al. 2000). Basu and colleagues (2009) detected 0.36+/-0.12 mg kg' 1 
dw in brain stems from polar bears (n=82) from east Greenland. In summary, Hg 
concentrations in the brains of wildlife species could span a range of almost six orders of 
magnitude.
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The body distribution of MeHg also varies among species. However, much information of 
body distribution of Hg was obtained from dosing experiments using rodents or monkeys as 
models for humans. In rats orally exposed to MeHg for 10 days after postnatal day 35, the 
highest concentration was in the blood compartment (25.5%) followed by the kidneys (4%), 
the liver (0.82%) and only 0.18% of the Hg dose was found in the brain (Sakamoto and 
Nakano 1995). In a study on hamster and rats, the concentration of Hg was measured in 
kidney, liver, red blood cells, plasma and cerebral cortex after the one time exposure to 10 
mg MeHg chloride/kg body weight. Approximately 50% respectively 43% of the sum in 
these organs was detected in the kidneys, 28% resp. 11% in the liver, 14% resp. 42% in red 
blood cells, 1% in plasma (rat) and 9% resp. 3 % in the cerebral cortex (Omata et al. 1986). 
There are some limited data on human autopsy studies. In 17 patients who died of Minamata 
disease, the proportion of Hg was 57% in the kidneys, 34% in the liver and 9% in the brain 
(Takeuchi et al. 1962). Brookens and colleagues (2008) modeled the total Hg burden in 
different tissue compartments of harbour seal pups. They found 2.8% of the total body 
burden in blood, 38.9% and 35.8% in pelt and muscle respectively, 11.6% in the liver, 0.8% 
in the brain and less than 3% each in other organs (Brookens et al. 2008).
Half-life of MeHg ranged from 20 to 500 days in ringed seals (Pusa hispida) (Tillander et 
al. 1972) and for striped dolphin, a biological half-life of methyl mercury of around 1000 
days has been estimated (Itano and Kawai (1981) as cited in Palmisano et al. (1995)). In the 
brain, estimated half-lives are between 38 and 56 days in chronically exposed monkeys (Rice 
1989). Studies suggest that demethylation of MeHg takes place in the brain. Vahter and 
colleagues (1995) exposed monkeys orally to MeHg for 6 to 12 months and the concentration 
of MeHg and inorganic Hg increased in all measured brain sites. Inorganic Hg constituted
27
about 9% of the total Hg at 6 and 12 months and 12% at 18 months in most brain parts. The 
elimination half-life of iHg was between 230 and 540 days in most brain sites and 37 days for 
MeHg (Vahter et al. 1995), which supports previous observations that inorganic Hg slowly 
accumulates in the brain (WHO 1990). The proportion of MeHg of the total Hg in the brain 
varies between species between 7% in one dog (Hansen et al. 1989) and 98% in wild mink 
(Haines et al. 2010).
Polar bears are the top predator in the Arctic marine ecosystem (DeMaster and Stirling 
1981). The total number of polar bears is estimated to be 20,000 to 25,000 circumpolar; in 
the south-eastern Canadian Arctic (populations of Baffin Bay, Davis Strait, Foxe Basin and 
Southern Hudson Bay) the number is approximately 7050 bears (Obbard et al. 2010). The 
main source of their energy is seal blubber, primarily from ringed seals and bearded seals 
(Erigrtathus barbatus) (Derocher et al. 2002, Stirling and Archibald 1977). Due to their high 
trophic status and long life span, polar bears can bioaccumulate relatively high concentrations 
of Hg (AMAP 2005). Bom and colleagues (1991) found a mean total Hg concentration in 
polar bear hair from East Greenland of 4.63 mg kg' 1 dw. Total mercury in muscle, kidney and 
liver ranged from 0.034 to 0.191, 2.87 to 32 and 2.15 to 22 mg kg' 1 ww (~0.1-0.6, ~11.5-128, 
—5.8-59.5 mg kg' 1 dw), respectively (Dietz et al. 2000a). The proportion of organic mercury 
of the total Hg was 62% in muscle, <6% kidney and -4%  in liver (Dietz et al. 1990).
There was only one published report on levels of MeHg in archived samples of brain stem 
tissues of polar bear from Greenland that showed levels ranging from 0.11 to 0.78 mg kg' 1 
dw (n=82) with 65.4 to 99.4% (n=6 ) of the total Hg as MeHg (Basu et al. 2009). Differences 
in sensitivity to Hg-exposure between different brain regions have been reported for mink 
(Basu et al. 2006b). There is no information on the concentration of MeHg in polar bears in
28
the cerebral lobe and cerebellum which are the target areas of MeHg neurotoxic effects 
(WHO 1990). It is crucial to determine the different forms of Hg because the organic and 
inorganic forms have distinct toxicological properties (Clarkson and Magos 2006).
The objective of this study is to investigate the concentrations of Hg species in different 
brain regions of polar bears from the eastern Canadian Arctic. Results are expected to help to 
understand the extent of the health impact of Hg on the polar bear populations in Canada.
2.3 Methods
Sampling
Twenty four polar bear heads were provided by the Ministere des Ressources Nature lies et 
de la Faune (MRNF) of Quebec and distributed by the Nunavik Research Center in Kuujjuaq, 
Nunavik, Quebec, Canada (Fig. 2.1). These heads were collected by Inuit subsistence hunters 
in the eastern Canadian Arctic in 2000-2003 and stored frozen. The samples probably 
originated from Eastern Hudson Bay, Hudson Strait, Ungava Bay and the Labrador Sea. 
Other tissue samples were not available. Hunter- estimated age was available for 13 animals 
ranging from age 2 to 9 years. Hensel and Sorensen (1980) reported that age estimates of 
polar bears by experienced field crew members by tooth wear, relative body size and 
reproductive status have shown to be close to age estimates by cememtum annuli. 
Experienced Inuit hunters are experts on the environment and the animals they hunt (Van de 
Velde et al. 2003). Polar bears play an important role in their cultural, spiritual, social and 
economic subsistence (Freeman and Wenzel 2006) and many Inuit hunters remember 
precisely the details of each bear they hunted (Van de Velde et al. 2003). We therefore
29
believe that the hunter-assessed age is a close estimate of the age of the animal. Biological 
data or teeth samples were not available for the other 11 animals.
Sex of all bears was determined by genomic DNA using brain tissue (Shaw and Chan in 
preparation). The frontal lobe (FR), cerebellum (CB), and brain stem (BS) of the left brain 
hemispheres were dissected while kept cold and stored at -80°C until further analyses. 
Tissues thawed minimally prior to further processing. The tissues were freeze-dried to 
minimize the potential effects of varying moisture content resulting from storage and 
concentrations are expressed in mg kg' 1 dw. Mean moisture content was 67% in brain stem, 
74% in cerebellum und 77% in frontal lobe.
200  tf lo m e tv rs
Fig. 2.1 Map of Nunavik, Canada.
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Reagents and material
Glassware was acid-rinsed using 10% nitric acid (Trace Metal Grade, Fisher Chemicals) 
throughout the analytical procedure. Ultrapure water with 18.2 MO cm (Millipore) resistivity 
was used throughout the experiments. All reagents, methanol (Aldrich CHROMASOLV® 
Plus, for HPLC, >99.9%), 2-mercaptoethanol (Fluka purum >99.0% (GC)), ammonium 
acetate (Fluka Trace SELECT® >99.995%), potassium chloride (Fluka Trace SELECT®, 
>99.999%), nitric acid (Fisher Chemical Trace Metal Grade), and hydrochloric acid (Sigma- 
Aldrich 37 wt. % in H2O, 99.999%) were of high analytical purity. Calibration of the ICP- 
MS was performed with mercury single element standard (1000 g ml/1 in 2% nitric acid 
HNO3) purchased from SCP Science (Seigniory Chemical Products, Baie D'Urfe, Qu, 
Canada), and methylmercury and ethylmercury chloride from Alfa Aesar (Ward Hill, USA). 
Stock solutions of inorganic and organic Hg were stored in glass vials and kept protected 
from light in the fridge. Working standards were prepared daily by stepwise dilution. 
Certified standard reference material (SRM), DOLT-4, dogfish liver, (NRCC Analytical 
Chemistry Unit, National Research Council, Ottawa, Canada) was used for quality assurance.
Mercury determination by heat-vaporization measurement equipment
Total Hg (THg) concentrations in 22 cerebellum and 24 frontal lobe samples were also 
measured by an Hg analyzer as a cross-reference for recovery. Concentrations of THg were 
determined (EPA 2007) using a mercury analyzer (NIC MA-2000, Nippon Instruments, 
College Station, TX, USA). A standard curve was produced using commercial Hg standards 
(Fisher Scientific, USA) before each run. Blank samples and SRM were included in each 
batch of samples for quality control purposes. Blank samples were always below detection
limit. The detection limit was 0.06 ng/g dw. Recovery rates of THg in SRM were > 95% 
(n=7).
Mercury speciation
The extraction procedure is modified after Wang et al. (2007). The freeze-dried sample 
was weighed (-0.1 g) into 15 ml PET centrifuge tubes (in triplicates for the cerebellum) and 
vortexed with 5 ml of extraction solution (0.1% hydrochloric acid (HC1) (v/v), 0.1% 2- 
mercaptoethanol (v/v), 0.15% potassium chloride (KCI) (v/v)). Standard reference material 
and method blanks were included in each batch. After 30 min sonication at 35°C the sample 
was centrifuged at 1400xg for 10 min at 30°C. The supernatant was kept and the residual was 
further extracted with 5 ml of extraction solution. The combined supernatant was centrifuged 
at 2500xg for 10 min at 24°C, filtered (0.45 pm) and made up to 10 ml. Blanks were prepared 
along with the samples.
Speciation was conducted using High Performance Liquid Chromatography coupled to 
Inductively Coupled Plasma Mass Spectroscopy (HPLC-ICP-MS) (Agilent 1200 series 
HPLC system, Agilent Technologies Canada Inc, Mississauga, ON, Canada, equipped with 
autosampler, quaternary pump, and 100 pi injection loop). A Zorbax Eclipse XDB-C18 (2.1 
x 50 mm, ID 5 pm) column (Agilent Technologies Canada Inc, Mississauga, ON, Canada) 
was used. The mobile phase for chromatographic investigations contained 4% methanol, 
0.1% 2-mercaptoethanol and 0.06 mol/L ammonium acetate. The experiments were 
performed at a flow rate of 0.45 ml/min and the injection volume was 50 pi. The HPLC was 
connected with 0.127 mm ID PEEK tubing to the Quartz nebulizer of an Agilent 7500 ICP- 
MS. The mass calibration of the ICP-MS instrument was tuned daily with a 1 ppb tuning
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solution containing lithium, magnesium, yttrium, cerium, thallium and cobalt. The radio 
frequency power WAS 1600w. Plasma, auxiliary and nebulizer flow rate were 15, 0.25 and 
0.8 1/min respectively. The nebulizer was a Quartz Micro-Mist, the spray chamber a Quartz 
Standard 7500 and the torch a Quartz Shield Torch 2.5 mm. Sampling depth was 8 mm. 
Analysis was performed in the time resolved mode with a total analysis time of 280 s. The 
mercury isotope m/z 202 was monitored. Quantification was based on peak areas and data 
evaluation was carried out with ICP-MS chromatographic software Agilent version B.03.06. 
Speciation of SRM sample was tested and the results were found to be within the reported 
certified value. Recovery of DOLT(4) (n=9) was 102% (range 100 to 102) for MeHg, 95% 
(range 87-103%) for iHg and 98% for MeHg+iHg=THg (range 95-103%) measured by 1CP- 
MS.
Statistical analyses
Statistical analysis was performed using Statistical Analysis System (SAS) 9.1 (SAS 
Institute, Cary, NC, USA). A p-value < 0.05 was considered statistically significant in all 
analyses and data are represented as mean (+ /- standard deviation (SD)) unless otherwise 
noted. Data were tested for normality using the Kolmogorov-Smimov (KS) test. Equality of 
variances was analyzed using Levene’s homogeneous variance test. Paired t-tests were 
applied to detect differences in Hg measurements using HPLC-ICP-MS and the Hg analyzer, 
the differences between the matched variables were normally distributed (CB: n=22, D=0.15, 
p>0.15; FR n=24, D=0.14, p=0>0.15). A one-way ANOVA was used to identify if there were 
significant differences in MeHg concentrations between the brain regions. The post-hoc 
Bonferroni (Dunn) test determined if MeHg concentrations of all three brain regions were
33
significantly different from each other. The assumptions for an analysis of variance 
(ANOVA) were met: a plot of the residuals showed an even scatter with few outliers; the 
concentration of homogeneity of variance was acceptable and the residuals did not differ 
from normal (KS: D=0.107, p=0.06). Pearson’s correlation coefficient (rp) was used to detect 
correlation between age and MeHg concentrations. Wilcoxon rank sum test (cerebellum) or 
Student’s t-test (frontal lobe) were used to analyze differences in MeHg concentration 
between the sexes.
2.3 Results
There was no significant difference between the mean THg concentrations in the 
cerebellum and frontal lobe measured by mercury analyzer and ICP-MS. The mean Hg 
concentration in the cerebellum as determined by ICP-MS was 0.23+/-0.07 mg kg' 1 dw 
(n=22) and determined by the mercury analyzer was 0.24+/-0.07 mg kg' 1 dw (n=24) and in 
the frontal lobe 0.28+/-0.07 mg kg' 1 dw (n=24) and 0.29+/-0.06 mg kg' 1 dw (n=24), 
respectively. The paired t-test showed no differences between the variables in either 
cerebellum (df=21, t=2, p=0.06) or frontal lobe (df=23, t=0.73, p=0.47) and thus the ICP-MS 
is believed to have captured the total Hg in the sample.
Methylmercury was found in all three brain regions whereas inorganic mercury and 
ethylmercury were not detected (Fig. 2.2). There was a significant difference (n=22, 
F2.63=38.35, p=0.0001) in MeHg concentrations between the three brain regions 
(meanistandard deviation (n) CB=0.23±0.07 (22), FR=0.28±0.07 (24), BS=0.12±0.03 (23) 
mg kg' 1 dw). The median MeHg concentration was 0.23 mg kg' 1 dw in the cerebellum, 0.29
mg kg' 1 dw in the frontal lobe and 0 .12  mg kg' 1 dw in the brain stem.
34
Age was estimated for 13 of the 24 bears by the hunters who provided the samples. A 
significant correlation was found between Hg concentrations and age in the cerebellum 
(rp=0.76, p=0.0041, n=12) but not in frontal lobe (rp=0.51, p=0.0743, n=13) or brain stem 
(rp=0.28, p=0.3707, n=12). No difference in Hg concentration was detected between males 
and females (CB: n=22, p=0.16, FR: n= 24, df=22, t=-l .35, p=0.1918, BS: n=23, p=0.83).
2.4 Discussion
Comparison o f  Hg concentration with other mammalian species 
This is the first study that reports concentrations and speciation of Hg in different brain 
regions of polar bears. We found that the concentrations of THg were low in all three brain 
regions studied. The concentration of THg in polar bear brain is among the lowest compared 
to other wildlife species. For example, in wild river otters (Lontra canadensis), THg in brain 
tissue ranged from 0.3 to 18 mg kg' 1 dw (Haines et al. 2010) that is 2 to 106 times higher 
than the minimum and maximum concentration in polar bear brain. It is worth noting that 
other marine mammals which feed high in the food chain have higher Hg in the brain than 
polar bears, e.g. the Hg concentration in the brain tissue of bottlenose dolphins (Tursiops 
truncatus) ranged from 3 to 186 (mean 49+/-57 (SD)) mg kg' 1 dw (Capelli et al. 2000). Also, 
in comparison, humans exposed to dietary Hg and amalgam have a range of 1 to 181 mg kg' 1 
ww (~3 to 603 mg kg' 1 dw) in brain tissue (Bjorkman et al. 2007).
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Fig, 2.2 Chromatograms of HPLC-ICP-MS showing A) methylmercury and inorganic 
mercury standards; B) extract from polar bear cerebellum; and C) standard reference material 
dogfish liver (DOLT-4).
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The proportion of MeHg was 100% of the Hg found in all three brain regions analyzed in 
this study. Comparison of Hg concentrations in brain and other tissues is difficult because 
many studies report only THg.
Comparison o f Hg brain concentration to liver concentration
Mercury concentrations were found to be high in other polar bear organs; 2.2 to 23.9 mg
kg' 1 dw in hair (Cardona-Marek et al. 2009), 62.5 mg kg' 1 ww (-164 mg kg' 1 dw converted
assuming 62% moisture in polar bear liver as stated by Kannan and colleagues (2007) in liver
(Rush et al. 2008) and 1 to 50 mg kg' 1 ww (-4  to 200 mg kg' 1 dw) in kidney (Sonne et al.
2007) but low in blood (0.007 to 0.213 mg kg' 1 ww) (Cardona-Marek et al. 2009), indicating
a sequestration of Hg in hair, liver and kidney.
In mammalian species, the levels of Hg in the brain are generally lower than in the liver.
The liver to brain ratio was 1 in hogs accidently fed with grains contaminated with organic
mercury (Curley et al. 1971). In orally MeHg exposed rats the liver to brain Hg ratio was 3.4
to 4.2 depending on the dose (Magos and Butler 1976). Several studies investigated Hg
concentrations in liver and brain tissue of bottlenose dolphins and found ratios ranging from
5:1 to 69:1 (Capelli et al. 2000, Meador et al. 1999, Petersson et al. 1991, Storelli and
Marcotrigiano 2000). The highest ratio of Hg in liver to Hg in brain was found with 89:1 in
fur seals (Bacher 1985). In humans, the ratio of liver to brain Hg ranged between 2:1 to 21:1
(Hac et al. 2000, Kevorkian et al. 1972, Takeuchi et al. 1962). Marine mammals seem to
have a higher liver to brain ratio than other species.
The Hg concentrations are not available for the livers of animals analyzed for this study;
assuming the Hg concentrations would fall within a similar range of the reported mean
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concentration from eastern Baffin Island (Rush et al. 2008) the liver-to-brain (mean 
cerebellum) ratio would be 326 to 1. This would be among the highest ratios of mammalian 
species. The high ratio suggests that polar bear and other marine mammals might be able to 
limit the neurotoxicity of Hg by sequestering most of the Hg in the liver.
Toxicokinetics
Polar bears accumulate Hg from their diet. Ringed seal (Pusa hispida) blubber, an 
important food source for polar bears (Smith 1980, Stirling 1974), had a low concentration of 
THg: approximately 0.0022 mg kg"1 dw (converted from ww assuming 10% moisture in 
ringed seal skin and blubber as reported by Best (1985)) (Woshner et al. 2001a). To our 
knowledge there are no published data on the proportion of MeHg in ringed seal blubber. 
Ringed seal liver had a THg concentration of approximately 42.3 mg kg"1 dw (converted 
from ww) (Young et al. 2010) and a MeHg proportion of approximately 2.7% (Wagemann et 
al. 1998). The THg concentration in ringed seal, which seems to be a good indicator of recent 
dietary Hg exposure in ringed seals (Gaden et al. 2009) was approximately 0.73 mg kg' 1 dw 
(converted from ww) (Woshner et al. 2001a). The mean proportion of MeHg of the THg was 
75 to 94% in ringed seal muscle from the Canadian Arctic (Campbell et al. 2005, Smith and 
Armstrong 1978, Wagemann et al. 1998). Brookens et al. (2008) showed that muscle of 
harbour seal pups comprised 36% of the total body burden THg. Polar bears probably receive 
most of their dietary THg from MeHg from ringed seal muscle and, to a lesser extent, from 
inorganic Hg from liver and possibly blubber.
Whereas MeHg is almost completely (95%) absorbed from the gastrointestinal tract 
(Clarkson and Magos 2006, Gochfeld 2003) only 1 to 38% of the ingested mercuric Hg
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(Hg2+) is absorbed (Clarkson and Magos 2006). After being absorbed from the gut Hg is 
transported with the blood compartment to other organs. In blood, MeHg is mostly bound to 
thiol groups in hemoglobin of red blood cells which infuse muscle tissue that has a high 
concentration of Hg (Brookens et al. 2008). MeHg demethylation takes part in the intestines 
and liver of many mammalian species (Clarkson and Magos 2006) likely including polar 
bears. Woshner and colleagues (2001a) found 5.5% MeHg in liver and 72.7% in muscle 
tissue from polar bears from Alaska. In polar bears from Greenland the proportion of organic 
mercury of the THg was 62% in muscle, <6% kidney and -4%  in liver (Dietz et al. 1990). 
Most of the iHg in polar bear liver must be produced in the liver because their main exposure 
is to MeHg. After demethylation of MeHg, iHg can bind to selenium (Se) and form inert 
complexes that can be stored in the liver permanently (Khan and Wang 2009), thereby 
reducing accumulation in brain tissue. Total Hg can also be sequestered in epidermis and hair 
that can be shed, consequently this is one way of eliminating Hg. Demethylation of MeHg 
and binding of iHg, as well as total Hg sequestration and elimination are an efficient way to 
protect the central nervous system from adverse effects of MeHg and inorganic Hg exposure 
(Brookens et al. 2008). These observations suggest that the mercury concentrations in polar 
bear brain measured in this study are low because most of the body burden is sequestered in 
liver, kidney and hair. Unfortunately, hair samples were not available from these polar bears.
It is not clear how polar bears maintain such low Hg concentrations in the brain compared 
to other species with relatively high THg concentrations in the liver. It is possible that MeHg 
only enters the brain in a limited amount compared to other species or that the efflux from the 
brain is higher. Methylmercury binds to thiol-containing compounds and different carrier 
systems such as the amino acid transporter have been shown to be involved in the uptake of
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MeHg into cells of the central nervous system (Clarkson et al. 2007, Heggland et al. 2009). 
The blood-brain-barrier of polar bears might differ from other mammalian species. Species 
differences have been found in the efflux transporter P-glycoprotein that carries a range of 
drug molecules and other neurotoxins produced in the brain out of the brain (Syvfinen et al. 
2009). However, the transport mechanisms at the blood-brain-barrier and possible differences 
between species have not been fully clarified (Ohtsuki and Terasaki 2007). Furthermore, the 
difference of Hg in brain region might be attributed to the binding of MeHg to thiol- 
containing compounds (Clarkson et al. 2007) which might be present at varying 
concentrations in the brain regions and thus affecting Hg concentrations. The significant 
difference in MeHg concentrations between the brain regions could be connected to 
differences in thiol-containing compounds and/or transporter systems.
Proportion o f  MeHg in brain tissue 
In this study, 100% of the total Hg in the three brain regions was MeHg. In brain stem 
from polar bears from Greenland 82.8%+/-7.8% (n=6 ) was found to be MeHg (Basu et al.
2009). MeHg proportions are generally higher in the brain compared to other organs; in 
squirrel monkeys orally exposed to MeHg, 20% of the total Hg in the liver was inorganic, 
50% in the kidney but less than 5% in the brain (Friberg and Mottet 1989). Vahter and 
colleagues (1995) observed increasing concentrations of inorganic Hg in the brains of 
monkeys dosed with MeHg. It has been suggested that the inorganic Hg is a product of 
demethylation of MeHg, is probably forming an inert insoluble compound with selenium and 
is slowly accumulating in the brain (Clarkson and Magos 2006).
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The proportion of MeHg in the brain of mammals varies greatly. In sledge dogs age 10 to 
15 years, 54% of the total Hg in the brain was organic Hg (Hansen and Danscher 1995); 
organic Hg accounted for 82% in wild river otters and for 98% in wild mink (Haines et al.
2010). Storelli and Marcotrigiano (2000) reported 81% MeHg in the brain of one adult 
female bottlenose dolphin (Tursiops truncatus) from the Mediterranean. In human brain, data 
for MeHg in the brain ranged from 0.4% (Falnoga et al. 2000) to 45% (Bjorkman et al.
2007). Our results show no sign of demethylation but iHg could potentially accumulate in 
older animals. Forming an insoluble form of Hg was considered a detoxification mechanism 
but it has been suggested that demethylation of MeHg in the brain is not of advantage for 
organisms because the efflux is higher for MeHg than for inorganic Hg and the neurotoxicity 
of inorganic Hg is assumed to be greater (Shapiro and Chan 2008). The reduced 
demethylation capacity in the central nervous system of polar bears could be a mechanism to 
reduce toxicity of Hg in the brain.
Hg concentration and MeHg proportion and age
Mercury concentrations are known to increase with age in mammals (Boening 2000). For 
example, Basu et al. (2009) found higher Hg concentrations with increasing age in the brain 
stems of polar bears from Greenland. A correlation of age and Hg concentrations has been 
detected in the cerebellum but not in the frontal lobe or brain stem in this study.
It is also known that the proportion of iHg in the brain increases with age (Capelli et al. 
2000, Hansen and Danscher 1995). An increase in the ratio of THg to MeHg with increasing 
THg concentrations and thus generally age indicates demethylation as shown in striped 
dolphins (Stenella coeruleoalba) from the Mediterranean Sea: 72% of the total mercury in
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the brain was MeHg in calves (n=3), 30% in young animals (n=3) and 11 % in adults (n=5) 
(Capelli et al. 2000). In sledge dogs less than one year old (n=4), 100% of the total Hg was 
found to be MeHg, 95% in the age group 1-5 (n=3) and 54% in the group 10-15 years (n=3) 
(Hansen and Danscher 1995). The average age of ~ 6  years (n=13) in this study is low 
considering a maximum life span of 30 years for polar bears (DeMaster and Stirling 1981) 
and could contribute to low Hg concentrations. Our results suggest our bears are mostly 
young animals; the data available for 13 animals were 2 to 9 years of age. However, the 
relatively small size of polar bears with estimated age (n=13) might be a limitation in this 
study.
Conclusion
The low concentrations of Hg in the brain compared to the liver and the high proportion of 
MeHg in the brain of polar bears found in this study are unique in laboratory and wildlife 
animals. The kinetics and distribution of Hg species in polar bears is not well known and 
should be further investigated to enable toxicity assessments. The health of polar bear is of 
national and international interest and the species has been listed as one of the species that 
are not necessarily threatened with extinction, but for which trade must be controlled in order 
to avoid utilization incompatible with their survival (Aars et al. 2006). Furthermore, polar 
bears might be of risk of increased Hg exposure (Horton et al. 2009) because of changed 
feeding behaviour due to reduced prey availability linked to climate change (Derocher et al. 
2004). The polar bear is important as a sentinel species for assessing the health of the 
ecosystem (AMAP 2004, Stamler et al. 2005).
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3 Relationships between mercury and neurochemical parameters in different brain 
regions of polar bears (Ursus maritimus) from the eastern Canadian Arctic
3.1 Abstract
Mercury (Hg) has been detected in polar bear brain tissue but its biological effects are not 
well known. Relationships between Hg concentrations and neurochemical enzyme activities 
and receptor binding were assessed in cerebellum, frontal and occipital lobe of 24 polar bears 
collected from Nunavik (Northern Quebec), Canada. The concentration-response relationship 
was further studied with in vitro experiments using pooled brain homogenate of twelve 
randomly chosen bears. In environmentally-exposed brain samples, there was no correlative 
relationship between Hg concentration and cholinesterase (ChE) activity or binding to the 
muscarinic acetylcholine receptor (mAChR) in any of the three brain regions. Monoamine 
oxidase (MAO) activity in the occipital lobe showed a negative correlative relationship with 
total Hg concentration. In vitro experiments, however, demonstrated that Hg (mercuric 
chloride and methylmercury chloride) can inhibit ChE and MAO activities and binding to the 
muscarinic mAChR. These results show that Hg can alter neurobiochemical parameters and 
the current environmental Hg exposure level did have limited effects on neurochemistry of 
polar bears from northern Canada.
3.2 Introduction
Biomonitoring programs have shown that mercury (Hg) concentrations have increased in
some arctic marine mammals populations in the last decades (Dietz et al. 2011, Outridge et
al. 2 0 0 2 ) but remain unchanged or have decreased in other populations of the same species
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(Braune et al. 2005). Methylmercury, an organic form o f Hg, bioaccumulates and 
biomagnifies in food webs (AMAP 2005) due to its easy absorption and slow excretion from 
organisms (Clarkson 2002). Polar bears (Ursus maritimus) can biomagnify Hg, particularly 
in the liver, because of their high trophic status and long life span (AMAP 2005, Stirling 
1998). Few studies have provided data on effects of Hg compounds on the health of Arctic 
wildlife in spite of their known neurotoxicity.
Human activity such as the combustion of fossil fuels has increased the concentration of 
Hg which occurs naturally in all ecosystems (Pacyna et al. 2006). Gaseous elemental Hg or 
Hg° is emitted in industrialized areas and long-range transport of Hg takes mainly place via 
the atmosphere (Cheng and Schroeder 2000, Driscoll et al. 2013, Pacyna and Keeler 1995). 
The distribution into the Arctic Ocean can also occur with river discharge and ocean currents 
(Fisher et al. 2012, Kirk et al. 2012). During the polar sunrise, Hg° reacts with halogen 
radicals likely produced by ozone destruction and is oxidized to gaseous reactive mercury, 
Hg+2 (mercuric Hg) (Berg et al. 2003, Lindberg et al. 2002, Schroeder et al. 1998). Mercuric 
Hg is then removed by particles and snow and is deposited on the landscape or water surfaces 
(Kirk et al. 2012). Specific microorganisms in the aquatic environment are able to convert 
inorganic Hg (iHg) into organic derivatives, such as mono-methylmercury (MeHg) and di- 
methylmerury (Barkay et al. 2011, King et al. 2001, Lehnherr et al. 2011, Parks et al. 2013, 
Pongratz and Heumann 1999). However, experiments suggest that di-methylmercury is not 
bioaccumulated by phytoplankton (Mason et al. 1996). Monomethylmercury has a high 
affinity for thiol compounds and thus accumulates in biota (Clarkson and Magos 2006), and 
biomagnifies in the food web (AMAP 2011, Booth and Zeller 2005). Marine mammals can
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accumulate high Hg concentrations, particularly in liver and kidney tissue (AMAP 2011, 
Booth and Zeller 2005).
Whereas iHg does not cross the blood-brain barrier efficiently (Pamphlett and Jew 2013, 
Pamphlett and Waley 1996) MeHg enters the brain possibly in a cysteine complex (Clarkson 
and Magos 2006) and demethylation of MeHg takes place in the brain of mammals (Berlin et 
al. 1975a, Korbas et al. 2010, Syversen 1974, Thomas et al. 1988, Vahter et al. 1995). The 
elimination half-life for iHg in monkeys was between 230 and 540 days in most brain sites 
compared to 37 days for MeHg (Vahter et al. 1995), which supports previous observations 
that iHg slowly accumulates in the brain (WHO 1990).
The main concerns regarding the role of Hg on wildlife health are potential clinical effects 
of chronic exposure. Epidemiological studies rely on health effects that have already 
occurred in a population (Manzo et al. 1996). However, determining subtle health effects of 
environmental contaminants on Arctic wildlife is difficult. Biomarkers of toxic effects 
provide the possibility of demonstrating an interaction between chemicals and biological 
systems. A biomarker is defined as “a change induced by a contaminant in the biochemical or 
cellular components of a process, structure or function that can be measured in a biological 
system” (WHO 1993). Biomarkers may indicate changes in biological systems that are 
otherwise not apparent due to their complexity or scale. Little is known regarding the 
possible neurological effects associated with chronic exposure to environmental chemicals in 
marine mammals (Manzo et al. 1996). Neurotoxicant exposure may result in modifications of 
brain chemistry, which often occur before irreversible behavioural changes. Thus, 
neurochemical responses may be used as biomarkers to assess the health risk caused by 
neurotoxicant exposure in human and wildlife populations (Manzo et al. 1996).
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Methylmercury has been shown to affect neurochemical parameters in the brain: rats 
exposed to MeHg showed decreased monoamine oxidase (MAO) activity (Chakrabarti et al. 
1998), decreased acetylcholinesterase (AChE) activity (El-Demerdash 2001) and increased 
muscarinic acetylcholine receptor (mAChR) density (Coccini et al. 2000).
Acetylcholine (ACh), a major neurotransmitter in the central nervous system, binds to 
nicotinic (nAChRs) and muscarinic ACh receptors (mAChRs) (Wess 2004). Cholinesterase 
(ChE) catalyzes the hydrolysis of ACh into choline and acetic acid (Silman and Futerman 
1987). The cholinergic system is involved in sensory, cognitive, and motor functions (Wess 
et al. 2003). Monoamine oxidase (MAO) is an enzyme that catalyzes the oxidation of 
monoamines such as dopamine and serotonin (5-hydroxytryptamine, 5-HT) in the brain and 
peripheral tissues and is involved in aggressive behaviour (Bortolato and Shih 2011) and 
reaction to stress and fear (Shih et al. 1999).
Disturbances of neurochemical receptors and inhibition of enzymes in the nervous system 
have been connected to behavioural changes in laboratory animals (Shih 2004, Wess 2004). 
For example, MAO-A knockout mice showed increased aggressive behaviour (Shih 2004). 
Acetylcholinesterase knockout mice had physical deficits such as body tremors, abnormal 
gait and posture, were not able to eat solid food, had seizures and behavioural deficits 
including absence of aggression and diminished pain perception, and died early (Duysen et 
al. 2002). Wess (2004) reported that mAChR 1 deficient mice showed cognitive deficits.
Neurotoxicant-induced changes of brain chemistry are often studied using in vitro systems 
(Tiffany-Castiglioni et al. 1999). However, in wildlife toxicology, in vitro studies are not 
commonly used (Basu et al. 2006a). Dosing studies demonstrated inhibition of ligand- 
binding to the mAChR in isolated cellular membranes of ringed seal (Phoca hispida) (Basu
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et al. 2006a), mink (Mustela visori) and river otter brain (Lontra canadensis) (Basu et al. 
2005c) by Hg chloride and MeHg chloride in a dose-dependent manner. Correlative 
relationships between neurochemicals and contaminant concentrations have also been 
reported in brain tissues of wildlife, however, very few studies have shown a causative 
concentration-dependent effect in wildlife populations. It has been shown that higher Hg and 
MeHg levels correlate with the disruption of neurotransmitter systems in wild mink and river 
otters (Basu et al. 2005a, Basu et al. 2005b). A significant positive correlation was found 
between total Hg (THg), MeHg, mAChR density, and ligand affinity in brain tissue of mink 
(Basu et al. 2005a). In the cerebral cortex of wild river otter, concentrations of inorganic and 
organic Hg correlated negatively with mAChR density (Basu et al. 2005b). Mink were 
reported to be more susceptible to Hg intoxication compared to river otter (Basu et al. 
2005b). The variable neurochemical responses in different animal species can be attributed to 
differences between the species and concentrations of Hg, proportion of organic Hg in the 
brain, and the ratio of selenium-to-mercury (Se:Hg) (Basu et al. 2005b). Neurotoxic effects 
of Hg have been shown to be modulated by selenium (Se) (Ganther et al. 1972) and molar 
ratios of Se:Hg should be taken into consideration when examining Hg-associated 
neurotoxicity (Zhang et al. 2013).
Basu et al. (2007b) showed that environmentally relevant concentrations of Hg can 
influence the activities of cholinesterase (ChE) and MAO in the cerebral cortex of wild river 
otters. In polar bear brain stems from Greenland, Basu and colleagues (2009) also found a 
significant negative correlation between THg and N-methyl-D-aspartic acid receptor 
(NMDA-R) but no correlation with levels of dopamine 2 receptor, gamma-butyric-acid 
receptor, nAChR, mAChR and with activity of MAO and ChE (Basu et al. 2009).
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The toxicological risk of Hg exposure in Arctic biota has been evaluated recently (Dietz et 
al. 2013). The threshold for neurochemical effects was stated to be 3 to 5 mg/kg dw in brain 
tissue, based on earlier studies on fish-eating mammals and birds, and the threshold for 
effects on the NMDA receptor as observed in polar bears from Greenland was 0.1 mg/kg dw. 
Dietz and colleagues (2013) concluded that the Hg levels in polar bear brain from Canada 
exceeded the threshold for effects on the NMDA receptor.
This study aimed to examine if there are correlative relationships between Hg 
concentrations and neurochemical markers (MAO and ChE activities and mAChR binding) 
in different brain regions of polar bears collected from the Eastern Canadian Arctic. We also 
conducted in vitro experiments to study the concentration-response relationships using 
isolates from polar bear brain tissue. The hypothesis was that Hg can alter the brain 
chemistry and correlative relationships can be observed in environmentally-exposed brain 
samples and in vitro.
3.3 Methods
Sampling
Polar bear heads were provided by the Ministry of Natural Resources and Wildlife
(Quebec) and were archived by the Nunavik Research Center in Kuujjuaq, Quebec. These
heads were collected during legal hunting activities by Inuit hunters in the eastern Canadian
Arctic in 2000-2003 and stored frozen at -20°C. In 2006 the heads were further processed:
the heads were sectioned longitudinally at Nunavik Research Center and the two brain halves
were removed carefully and stored at -80°C prior to dissection. The cerebellum, frontal and
occipital lobe were isolated from 24 animals (left hemisphere). The brain regions were
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chosen because they are known to accumulate Hg (Patel and Reynolds 2013, Vahter et al. 
1995, Yoshino et al. 1966) and their receptors or enzymes have been shown to be sensitive to 
Hg exposure in laboratory and/or in wild animals (Basu et al. 2007b, Basu et al. 2005c, 
Chakrabarti et al. 1998, Coccini et al. 2006). Furthermore, these brain regions are of interest 
due to their function, the frontal lobe being involved in motor function and memory, the 
occipital lobe in visual processing and the cerebellum in motor control (LeDoux 2003).
Hunter-estimated age was available for 13 animals, ranging from 2 to 9 years 
(mean±standard deviation 5±1 years). We believe that the hunter-assessed age is a close 
estimate of the age of the animal. Age estimates of polar bears by experienced field crew 
members by tooth wear, relative body size and reproductive status have shown to be close to 
age estimates by cememtum annuli (Hensel and Sorensen 1980). Furthermore, a small group 
of Inuit hunters made reliable and consistent estimates of sex, age, and size of polar bears 
(Wong et al. 2011). Sex (14 females, 10 males) was determined by genomic DNA using 
brain tissue following a technique for polar bear sex identification by Amstrup et al. (1993) 
using segments of zinc finger genes, ZFX and ZFY, located on the X and Y chromosome 
respectively (Shaw and Chan in preparation).
Mercury analysis
The tissues were freeze-dried to minimize the potential effects of varying moisture content 
on Hg concentration resulting from storage (Basu et al. 2007a). The freeze-dried tissue was 
ground to a fine powder. All data are expressed as dry weight (dw) concentrations.
Concentrations of THg in all brain regions were determined in triplicates using heat- 
vaporization mercury measurement equipment (NIC MA-2000, Nippon Instruments, College
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Station, TX, USA) (EPA 2007). A standard curve was produced using commercial Hg 
standards (Fisher Scientific, USA) before each run. Blank samples and standard reference 
material (SRM) DOLT-4 (Dogfish liver certified reference material for trace metals, National 
Research Council of Canada) were included in each batch of samples for quality control 
purposes. Blank samples were always below detection limit. The detection limit was 0.06 
ng/g dw. Recovery rates of THg in the SRM was 103+/-7% (n=41).
The stability of Hg compounds in biological samples is not conclusive, however, there are 
indications that the loss of THg is minor: in frozen (-20°C) whole-fish homogenates, the Hg 
concentration did not decrease after four years of storage (Peterson et al. 2007). The effects 
of freeze-drying on MeHg have been studied in brain tissue, finding a recovery of 98.3% 
(Lafleur 1973). Therefore, we cannot exclude a loss of THg during the storage and 
processing of the brain samples but suspect that the THg concentration would only be 
minimally higher if sampling and processing would have occurred immediately after the 
death of the animal.
Neurochemical biomarker 
Sample preparation
Brain tissue samples were prepared as described by Stamler et al. (2005). Isolated brain 
tissue was homogenized in sodium/potassium (Na/K) buffer (1 ml/0.1 g tissue) using a tissue 
homogenizer. The homogenate was centrifuged and washed twice using Na/K buffer for 
receptor analyses (membrane preparation). Enzyme fractions were prepared using the 
supernatant after sonification, tritonizing and centrifugation. The membrane and enzyme 
preparations were immediately flash-frozen in liquid nitrogen and stored at -80°C.
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The concentration of protein in blood cells and brain tissue preparations was determined by 
the method described by Bradford (1976) using bovine serum albumin as a standard.
Several factors such as duration of storage and storage temperature can affect enzyme 
activity and receptor density (Stamler et al. 2005). The storage of mink brain at temperatures 
at 4°C or -20°C for 28 days did not have any effect on MAO and ChE but freeze-thaw cycles 
affected MAO activity and mAChR density (Stamler et al. 2005). Muscarinic AChR density 
was not affected after seven days at freezing temperatures (Stamler et al. 2005). In fish, 
whole body ChE activity did not decrease after 180 days at -80°C (Phillips et al. 2002). The 
storage time in this study is considerately longer (five to seven years until processing of 
samples) and we cannot exclude a decrease of enzyme activity and receptor density during 
this time. The storage conditions of samples contribute to the quality of measurements of 
neurochemical components (Rutkiewicz and Basu 2012, Stamler et al. 2005) but a lack of 
freeze-thaw cycles and optimal temperature conditions cannot be guaranteed for samples 
taken after Inuit harvesting activities.
Relation between neurochemical parameters and environmental Hg concentrations
Receptor binding and enzyme activity assays were performed in triplicates using 
membrane preparations and enzyme fractions from different brain regions. Enzyme activity 
and receptor binding were related to Hg concentration in the same tissue. Cholinesterase 
(ChE) activity analysis was only performed in occipital cortex and is not available for other 
brain regions whereas MAO activity and mAChR binding were measured in cerebellum, 
frontal and occipital cortex.
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Receptor binding assays 
Quantification of the density of the muscarinic acetylcholine receptor in brain tissue are 
based on the method by Stamler et al. (2005) with modifications using a cell harvester and a 
plate scintillation counter. Receptor binding assays were performed in membrane 
preparations containing 30 pg protein in Na/K buffer. Some samples were pretreated with 
atropine (100 pM) for 30 min in a 96-well plate. The membrane protein was incubated for 60
■2 i
min using the radioligand [ H] - Quinuclidinyl benzilate ([ HJ-QNB) (32 nM) and transferred 
to a glass fibre filter using a cell harvester system (Inotech Bioscience, US), rinsed three 
times with buffer and then dried under a heat lamp. Radioactivity retained by the filters was 
quantified by a liquid scintillation counter (Plate Chameleon Plate V 425-106 Multilabel 
Counter, Hidex, and Mississauga, ON, Canada) after treatment with scintillation solution 
(Ultima Gold, PerkinElmer). Specific binding was defined as the difference in radioligand 
bound in the presence and absence of the displacing ligand atropine. Binding to the receptor 
is presented in fmol per mg protein.
Enzyme activity assays 
MAO and ChE activity were measured as described by Zhou and Panchuk-Voloshina 
(1997) with modifications (Stamler et al. 2005) using the Chameleon Plate V 425-106 
Multilabel Counter (Hidex, Mississauga, ON, Canada). Enzyme fractions were diluted with 
Na/K buffer to 25 pg protein/well for MAO analysis and 50 pg protein/well for ChE analysis 
and transferred to a 96-well plate. Na/K reaction buffer (100 pi) containing 100 pM 10- 
acetyl-3,7-dihydroxyphenoxazine (Amplex red), 2 U/ml horseradish peroxidase (HRP), and 
substrate were added to each well. Acetylcholine (10 mM) and tyramine (4 mM) were used
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as substrate for ChE and total MAO, respectively. Method blanks (Na/K buffer) and positive 
controls (hydrogen peroxide, H2O2) were included and Resorufin was used as standard. The 
MAO and ChE activity assays is based on the detection of H2O2, generated by the enzyme 
acting on its substrates, in a HRP coupled reaction using Amplex Red reagent as probe for 
H2O2. The initial reaction co-product of the reaction of cholinesterase with its substrate 
acetylcholine, choline, is oxidized by choline oxidase, producing H2O2 as a co-product. 
Resorufin, the final product, is detected by its fluorescence. Activity is presented in 
Resorufin produced per pg protein per minute (Res prod/pg prot/min).
In vitro experiments
Brain homogenates of the frontal and occipital regions and the cerebellum each were 
prepared as described above and pooled from 12 randomly chosen animals. Samples were 
chosen among those animals from which sufficient tissue was available for all brain regions. 
Tissues of each brain region were homogenized in Na/K buffer (1 ml/0.1 g tissue). Equal 
amounts of homogenate from each animal were combined and then prepared for enzyme and 
receptor analyses as described above. Membrane respectively enzyme fractions were exposed 
to inorganic mercury (iHg) as mercuric chloride (HgC^), or methylmercury (MeHg) as 
methylmercury chloride (MeHgCl) for 60 min. Both iHg and MeHg were chosen because 
they are the major forms of Hg in brain tissue (Clarkson and Magos 2006). The 
concentrations ranged from 0 to 320 pM for mAChR binding (0, 3.2, 10, 32, 100, 320 pM), 0 
to 500 pM for MAO activity, (5, 10, 50, 100, 500 pM), and 0 to 1000 pM for ChE activity 
(0, 2.5, 5, 10, 15, 25, 50, 75, 100, 500, 1000 pM). Concentrations were chosen after pre­
experiments established a range in which effects were seen. The baseline concentration is
53
described as “0” but did contain Hg that was originally present in the pooled sample. A low 
number of replicates, at least two, has been suggested to be sufficient for concentration- 
response curves (Landis and Chapman 2011, Ritz 2010). In vitro receptor binding were 
performed in three and two replicates in cerebellum and occipital lobe, respectively, and was 
not available for frontal lobe. Enzyme inhibitions were tested in duplicate for all three 
tissues. Enzyme activities and mAChR densities were analyzed as described above.
Statistical analysis
Normality (Shapiro-Wilk test) and heteroscedasticity (Bartlett’s test) of data from 
environmentally-exposed animals, correlation of THg concentration with age (Spearman or 
Pearson test) and differences of Hg concentrations between males and females (Kruskal- 
Wallis or Mann-Whitney test) were determined using Stata 10.0. Differences of THg 
between the three brain regions (multiple comparisons Kruskal-Wallis test) were tested using 
R 2.10.1. CurveExpert 1.4 was used for identifying possible models explaining the 
relationship of THg concentration and neurochemical parameters. Nonlinear regression and 
model validation of THg concentration and MAO activity in occipital lobe were performed 
using SAS 9.1.
Curve-fitting of toxicity data does not require replication at each concentration, can show 
the variability of the data and describes the exposure-response (Landis and Chapman 2011). 
Nonlinear regression was used to demonstrate the relationship between exposure and effect 
and to calculate the inhibitory concentrations (IC 50). GraphPad Prism 6.01 for Windows 
(GraphPad Software, La Jolla, California, USA) determined the better fit of two models, four 
parameter (% inhibition=bottom+(top-bottom)/(l+10A((Log lCso-concentration)*HillSlope)))
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or three parameter (% inhibition=bottom+(top-bottom)/(l+10A((concentration-Log IC50))) for 
each marker. Then, the models were used to compare the concentration-response of iHg and 
MeHg of each marker: the data were fitted with the assumption that the datasets for the iHg 
and MeHg shared the same curve (null hypothesis) considering the best-fit value of log IC50, 
top, bottom and, if applicable Hill slope, of the curve. For the alternative hypothesis the data 
were fitted with the assumption that the best-fit values were distinct. The models were then 
compared with the extra sum-of-squares F-test (Motulsky and Christopoulos 2003). The 
procedure was repeated to compare curves between the three markers and between brain 
regions. In addition, models for iHg and MeHg of each marker were compared using the 
best-fit value of log IC50. Values of p<0.05 were regarded as significant. Normality (Shapiro- 
Wiikinson test) and homoscedasticity (visual) of residuals were assessed for all models. 
Fitted curves were graphed with GraphPad Prism 6.01.
3.4 Results
Relation between neurochemical parameters and environmental Hg concentrations 
In polar bears collected from the Eastern Canadian Arctic, the THg concentration was 
0.24+/-0.07 mg/kg dw in the cerebellum (n=24), 0.29+/-0.06 mg/kg dw in the frontal lobe 
(n=24) and 0.34+/-0.11 mg/kg dw in the occipital lobe (n=23). Total Hg concentration 
ranged from 0.12 mg/kg dw in the cerebellum to 0.65 mg/kg dw in the occipital lobe. A 
difference in THg concentrations was found between the three brain regions (Kruskal-Wallis 
Chi2 = 14.66, df = 2, p< 0.001): the concentration in the cerebellum differed from the 
concentration in the occipital lobe (observed difference 22.97, critical difference 14.4) but
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there was no difference between cerebellum and frontal lobe (observed difference 13.0, 
critical difference 14.3) or frontal and occipital lobe (observed difference 9.96, critical 
difference 14.4). No difference in THg concentrations between males and females (all 
p>0.05) and no correlation with age in any of the brain regions was detected (all p>0.05).
There were no correlative relationships between Hg concentrations in brain tissue and the 
activity of ChE or mAChR receptor binding. Monoamine oxidase activity decreased 
significantly with increasing Hg levels following the Morgan-Mercer-Flodin equation 
y = (a*b+c*xAd)/(b+xAd). Total Hg levels explained 59% of the variation of MAO activity 
(F3J 9 =9.31, Res SS = 166400, p = 0.0005) in occipital tissue (Fig. 3.1) but not in the other 
two regions. When two outlier (identified as >1.5 times the interquartile range) were removed 
the regression was also significant (F3i7=8.03, Res SS=165988, p<0.0015, R2=0.59).
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Fig. 3.1 Monoamine oxidase (MAO) activity [pM Res/pg prot/min] in relation to total 
mercury (THg) concentration [mg/kg dry weight (dw)] in occipital lobe of environmentally- 
exposed polar bears. Line represents significant nonlinear regression (F3,i9 = 9.31, Res SS = 
166400, p = 0.0005, R2=0.59).
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In vitro experiments
In vitro experiments showed that both HgCh (iHg) and MeHgCl (MeHg) decreased MAO 
and ChE activity cerebellum (CB), frontal (FR) and occipital (OC) lobe and also inhibited 
mAChR binding in a concentration-response manner in cerebellum and occipital lobe (Fig. 
3.2 a, b, c showing inhibition exemplary in occipital lobe).
Half maximal inhibitory concentrations (IC50S) derived from nonlinear regression (log IC50) 
are presented in Table 3.1. Inhibitory concentrations ranged from 7.98 pM for MAO activity 
in the occipital lobe exposed to iHg to 936 pM for ChE activity in the frontal lobe exposed to 
MeHg (Table 3.1).
There were significant differences between ChE, MAO and mAChR inhibition by Hg 
compounds (Table 3.2): inhibitory curves and calculated IC50 values of ChE, MAO and 
mAChR were significantly different in cerebellum and occipital lobe exposed to iHg. In 
frontal lobe, there was no significant difference between iHg-exposed ChE and MAO 
inhibition curves and IC50S. There was a significant difference in the curve and IC50S of the 
three (cerebellum and occipital lobe) or two (frontal lobe) markers exposed to MeHg (Table 
3.2).
Comparison of the datasets showed that the curves were significantly different between 
iHg and MeHg exposed brain preparations for ChE activity in all brain regions and MAO 
activity in frontal and occipital lobe but not in the cerebellum (Table 3.3). Curves for 
mAChR exposed with iHg or MeHg were significantly different in both analyzed brain 
regions. There was a significant difference in IC50 values between iHg and MeHg for all 
three markers in cerebellum and occipital lobe and for MAO and ChE activity in frontal lobe 
(Table 3.3).
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Inhibition of enzyme activities and binding to the receptor were similar in all brain regions 
(Table 3.4). Inorganic Hg and MeHg concentration-response curves and IC50s of ChE and 
MAO activity did not show a significant difference between the three brain regions. 
Inhibitory curves and IC50S of mAChR binding were not significantly different between iHg- 
or MeHg- exposed cerebellum and occipital lobe (Table 3.4).
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Fig. 3.2 Inhibition of neurochemical markers by mercury compounds in the occipital lobe of 
polar bears. % of maximal activity/binding of ChE activity (a), MAO activity (b) and 
muscarinic AChR binding (c) by inorganic mercury (iHg) and methylmercury (MeHg) (log 
[pM]).
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Table 3.1 Half maximal inhibitory concentrations IC50 [pM] (mean (95% confidence 
interval)) derived by using nonlinear regression to fit concentration-response curves to 
datasets for cholinesterase activity (ChE), monoamine oxidase activity (MAO) and 
muscarinic acetylcholine receptor (mAChR) binding in brain preparations of polar bears 
exposed to inorganic mercury (iHg) or methylmercury (MeHg) (GraphPad Prism 6.01). na: 
not available
Cerebellum Frontal lobe Occipital lobe
iHg MeHg iHg MeHg iHg MeHg
30.1 615.2 34.05 936.4 32.76 678.1
ChE (24.44- (155.2- (30.47- (34.55- (28.41- (295.2-
37.29) 2438) 38.05) 25382) 37.77) 1557)
11.93 114.4 16.43 136.4 7.976 117.9
MAO (4.656- (10.33- (6.185- (26.53- (2.316- (44.88-
30.56) 1267) 43.62) 700.9) 27.47) 309.8
12.74 25.34 na na 9.399 21.97
mAChR ( 10 .2 1 - (8.03- (7.462- (6.44-
15.9) 79.95) 11.84) 71.26)
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Table 3.2 Difference between effects on markers. Comparison (extra sum-of-squares F-test) 
of curves and half maximal inhibitory concentrations (IC50S) of cholinesterase (ChE) activity, 
monoamine oxidase (MAO) activity and muscarinic acetylcholine receptor (mAChR) binding 
in brain preparations of polar bear exposed to inorganic (iHg) and methylmercury (MeHg)
(GraphPad Prism 6.01). Comparison in frontal lobe between MAO and ChE only.
Brain region Comparison
iHg
F(df) P
MeHg
F(df) P
Curve 15.44(8,11) <0.0001 10.38(6,14) 0 .0002
Cerebellum
IC 5 0 16.41(2,11) <0.0005 8.324(2,14) 0.0042
Curve 1.995(3,11) 0.1733 10.61(3,11) 0.0014
Frontal lobe
IC50 0.7288(1,11) 0.4115 7.940(1,11) 0.0167
Curve 6.548(6,14) 0.0019 52.67(6,14) <0.0001
Occipital lobe
IC50 5.31(2,14) 0.0193 53.51(2,14) <0.0001
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Table 3.3 Difference between inorganic mercury (iHg) and methylmercury (MeHg) toxicity. 
Comparison (extra sum-of-squares F-test) of curves and half maximal inhibitory 
concentrations (IC50S) of cholinesterase (ChE) activity, monoamine oxidase (MAO) activity 
and muscarinic acetylcholine receptor (mAChR) binding in brain preparations of polar bear 
exposed to iHg or MeHg (GraphPad Prism 6.01). na: not available
Brain
region
Comparison
ChE activity
F(df) P
MAO activity
F(df) p
Binding to AChR
F(df) p
Cere­ Curve 48.54(4,14) <0.0000 3.48(3,6) 0.0905 21.27(4,4) 0.0059
bellum IC50 4.48(1,14) <0.0001 7.203(1,6) 0.0363 10.08(1,4) 0.0337
Frontal Curve 27.24(3,16) <0.0001 7.098(3,6) 0.0212 na na
lobe IC50 30.25(1,16) <0.0001 14.17(1,6) 0.0094 na na
Occipital Curve 267.4(4,14) <0.0001 16.04(3,6) 0.0029 13.89(4,4) 0.0129
lobe IC50 270.8(1,14) <0.0001 20.52(1,6) 0.0040 11.43(1,4) 0.0278
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Table 3.4 Difference between brain regions (cerebellum, frontal lobe, occipital lobe). 
Comparison (extra sum-of-squares F-test) of curves and half maximal inhibitory 
concentrations (IC50S) of chol inesterase (ChE) activity, monoamine oxidase (MAO) activity 
and muscarinic acetylcholine receptor (mAChR) binding in brain preparations of polar bears 
exposed to inorganic (iHg) or methylmercury (MeHg) (GraphPad Prism 6.01). Comparison 
for mAChR between cerebellum and occipital lobe only.
ChE activity MAO activity Binding to AChR
Compound Comparison F(df) P F(df) P F(df) P
Curve 1.873 0.1196 1.465 0.2908 0.2886 0.8324
(8,21) (6,9) (3,6)
iHg
IC50 0.8589 0.4380 1.089 0.3771 0.5201 0.4979
(2,21) (2,9) (1,6)
Curve 0.6268 0.7463 0.3669 0.8825 0.5885 0.6900
(8,21) (6,9) (4,4)
MeHg
IC50 0.2264 0.9776 0.02880 0.9717 0.1007 0.7669
(2,21) (2,9) (1,4)
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3.5 Discussion
The major findings of this study are that lower total monoamine oxidase (MAO) activity 
was associated with higher THg concentration the occipital lobe of wild polar bears and that 
iHg and MeHg can inhibit ChE and MAO activity and binding to the mAChR in several 
polar bear brain regions in vitro. There was no correlative relationship of environmental Hg 
exposure and ChE activity and binding to the mAChR in any of the three brain regions 
studied.
Disruptions of neurochemical parameters have been observed in wildlife exposed to Hg: 
Basu and colleagues (2009) found Hg-associated changes in N-methyl-D-aspartic acid 
receptor levels but no changes in nicotinic or muscarinic AChR, dopamine-2 receptor, 
gamma-aminobutyric acid receptor density and MAO or ChE activity in 82 brain stems from 
polar bears from Greenland. Studies in river otters have shown a decrease in MAO activity in 
the cerebral cortex but not in the cerebellum with increasing Hg concentrations (Basu et al. 
2007b). Basu and colleagues (2007b) suggested a difference in neuronal composition could 
explain of the lack of effect on MAO activity in the cerebellum. The significant decrease of 
MAO activity associated with increasing Hg levels in the occipital lobe detected in this study 
could be an early indicator of the neurotoxic effects in polar bear brain. However, the sample 
size was low and the regression results should be considered with caution.
The decrease of MAO could be correlated to other contaminants found in polar bears. 
Polar bears also accumulate organohalogens in the brain (Gebbink et al. 2008) and 
polychlorinated biphenyls (Mariussen and Fonnum 2006) and polybrominated diphenylethers 
(Viberg et al. 2005) have been shown to affect neurochemistry in mammals. Correlations of 
the tested markers and several organohalogen compounds were not significant in the samples
63
from Greenland, indicating that the measured receptors and enzymes are not susceptible to 
disruption even at high concentrations of brominated and chlorinated organic compounds 
(Basu et al. 2009).
Whereas no correlative relationship of Hg exposure and neurochemical disruption could be 
detected in brain tissue preparations with the exception of decreased MAO activity in the 
occipital lobe, the in vitro experiment showed that iHg and MeHg had an effect on enzyme 
activity and receptor binding. Inorganic Hg was a more potent inhibitor of ChE and binding 
to the AChR than MeHg in the analyzed brain regions, and a more potent inhibitor of MAO 
activity on the cerebellar lobes but not in the cerebellum when considering the curves. The 
difference of iHg and MeHg toxicity is possibly due to a difference in the number and 
location of binding sites (Basu et al. 2005c). Methylmercury binds to protein thiol and 
selenol groups (Farina et al. 201 la) and it has been suggested that almost any protein in the 
cell could be a target for Hg-associated adverse effects (Clarkson and Magos 2006). The 
difference in IC50S between the markers is probably because of the availability of and the 
interaction with binding sites (Castoldi et al. 1996, Farina et al. 2012, Frasco et al. 2007, 
Hubalek et al. 2003, Sussman et al. 1991) which change the function of the proteins and lead 
to a cascade of effects (Farina et al. 201 lb, Frasco et al. 2007, Limke et al. 2004, Xu et al. 
2 0 1 2 b).
In polar bear brain, concentrations of THg was low compared to other marine mammals 
such as beluga whales (Delphinapterus leucas) (Ostertag et al. 2013) and kidney and liver 
tissue of polar bears (Routti et al. 2012, Rush et al. 2008). The proportion of MeHg in polar 
bear brain was 100% (Krey et al. 2012). The neurotoxicity of inorganic Hg has been 
suggested to be greater than of MeHg (Shapiro and Chan 2008). These in vitro experiments
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show that enzymes and receptors in the brain of polar bears, when assessed in isolates of 
previously frozen tissues, were more susceptible to iHg than to MeHg exposure. The high 
proportion of MeHg in the central nervous system of polar bears could reduce neurotoxicity 
of Hg.
These data show that the concentration-response curves and IC50S differ between the three 
neurochemical parameters. Monoamine oxidase activity exposed to iHg in occipital cortex 
had the lowest IC50 (~ 8  pM) and was the most sensitive marker. The only IC50 of MeHg 
<100 pM was reported for mAChR. MAO activity would be the preferred marker for 
neurochemical changes associated with iHg exposure in polar bear brain whereas mAChR 
would be of interest regarding MeHg exposure.
The high IC50S for the markers analyzed in this study explain the lack of effect in 
environmentally-exposed polar bear brain. The mean concentration of MeHg in brain tissue 
of polar bears was less than 4 pM which is well below the lowest IC50 of MeHg on mAChR 
(22 pM) in this study. However, the IC50 is not the minimal detectable level and changes 
which occur at less than 50% inhibition could potentially have been detected. The Hg 
concentration in the brains of environmentally-exposed polar bears did not modify the 
receptors and enzymes assessed with the exception of MAO activity in one brain region 
possibly because Hg concentrations were low. Furthermore, ChE activity and mAChR 
binding might be not sensitive enough for assessing early effects of MeHg at low exposure 
levels in polar bear brain. Lastly, sample collection and storage methods could have 
negatively affected neurochemical parameters, resulting in a lack of findings.
There was no significant difference between cerebellum and frontal and occipital lobe in 
regard to curves or IC50S of each marker in this study. Basu and colleagues (2005c) found a
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greater potency of inhibition of mAChR binding in the cerebellum compared to the cerebral 
cortex in mouse, rat, mink (Mustela vison), otter (Lontra canadensis) and human. This 
observed difference between mammalian species in the susceptibility of different brain 
regions should be investigated further.
Comparisons of IC50S between different studies should be considered with caution. 
However, compared to other species the IC50S for MAO activity and mAChR binding in polar 
bear brain seemed higher: in vitro experiments showed that the IC50 for inhibition of mAChR 
binding by iHg in polar bears was similar to inhibition in the occipital lobe of humans and 
approximately 11 fold higher than in the cerebellum of river otters (Basu et al. 2005c). The 
IC50 for inhibition of binding to the mAChR by MeHg was similar in polar bear occipital 
lobe and human cerebral cortex and approximately 14 fold higher in polar bear than in otter 
cerebellum (Basu et al. 2005c). Inhibition of MAO activity was approximately 54 fold higher 
than in rat brain (Chakrabarti et al. 1998). The MeHg IC50 for inhibition of ChE activity in 
cerebellum was approximately 1.5 fold higher in mice (Kobayashi et al. 1979) than in polar 
bears. MAO activity and mAChR binding in polar bear brain seem to be less susceptible to 
MeHg exposure compared to other mammalian species whereas ChE activity seems more 
susceptible.
The Hg concentrations used in these experiments were several magnitudes higher than 
concentrations in polar bear brain of environmental origin and were used to demonstrate the 
potential effects on neurochemical systems. Several factors may influence the effective 
concentration of a test substance in in vitro systems and therefore affect IC50 values which 
are based on the nominal concentration (Seibert et al. 2002). For example, the interaction of 
Hg compounds with buffer and other assay ingredients may affect enzyme activity in vitro
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(Frasco et al. 2005). Modeling protein binding, evaporation, plastic absorption etc. or 
measurement of the free concentration of the compound advance the extrapolation from in 
vitro to in vivo if the exact dose needs to be known (Heringa et al. 2004). Furthermore, the 
toxicity of a single component can differ from a mixture of contaminants (Marinovich et al. 
1996). This in vitro study tested only single exposure whereas wild polar bears are exposed 
to a wide range of contaminants (Fisk et al. 2005). Results from this in vitro experiment show 
that current Hg concentrations in wild polar bear brain would unlikely have adverse effects 
on neurochemical parameters of polar bears.
In conclusion, the low Hg concentration in polar bear brain is rare among marine 
mammals. Inorganic Hg was more potent inhibitor of ChE and MAO activity and mAChR 
binding than MeHg in in vitro experiments. The absence of iHg in the brain of polar bears 
might protect these animals from neurotoxic effects of Hg exposure. The highest 
concentration of MeHg in environmentally-exposed polar bear brain was approximately 2.7 
times lower than the lowest IC50 of MeHg measured in this study. In spite of the low Hg 
levels in environmentally-exposed polar bear brain the activity of MAO was decreased at 
high Hg levels in the occipital lobe; this could be an early indicator of effects on the nervous 
system. The susceptibility to Hg on neurochemical parameters should be investigated further 
to understand the vulnerability of arctic marine mammals to contaminant exposure. 
Identifying the effects of neurotoxic substances in representative species offers a perspective 
relevant to both human and ecological risk assessment.
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4 Assessment of neurotoxic effects of mercury in ringed seals {Pusa hispida) and polar 
bears (Ursus maritimus) from the Canadian Arctic
4.1 Abstract
Marine mammals are indicator species of the arctic ecosystem and an integral component 
of the traditional Inuit diet. The potential neurotoxic effects of increased mercury (Hg) in 
ringed seals {Pusa hispida), and polar bears {Ursus maritimus) are not clear. We assessed the 
risk of Hg-associated neurotoxicity to these species by comparing their brain Hg 
concentrations with threshold concentrations for toxic endpoints detected in laboratory 
animals and field observations: clinical symptoms (>6.75 mg/kg wet weight (ww)), 
neuropathological signs (>4 mg/kg ww), neurochemical changes (>0.4 mg/kg ww), and 
neurobehavioural changes (>0.1 mg/kg ww). The total Hg (THg) concentrations in the 
cerebellum and frontal lobe of ringed seals and polar bears were <0.5 mg/kg ww. Our results 
suggest that brain THg levels in polar bears are below levels that induce neurobehavioural 
effects as reported in the literature, while THg concentrations in ringed seals are within the 
range that elicit neurobehavioural effects and individual ringed seals exceed the threshold for 
neurochemical changes. High brain selenium (Se):Hg molar ratios were observed in both 
species, suggesting that Se could protect the animals from Hg-associated neurotoxicity. This 
assessment was limited by several factors that influence neurotoxic effects in animals, 
including: animal species; form of Hg in the brain; and interactions with modifiers of Hg- 
associated toxicity, such as Se. Comparing brain Hg concentrations in wildlife with 
concentrations of appropriate laboratory studies can be used as a tool for risk characterization 
of the neurotoxic effects of Hg in arctic marine mammals.
68
4.2 Introduction
Arctic marine mammals are top predators and sentinels for the health of the arctic 
ecosystem (Bossart 2006, Kirk et al. 2010, Laidre et al. 2008, McRae et al. 2012, Moore 
2008, O'Brien et al. 1993, Tabor and Aguirre 2004, Tynan and DeMaster 1997). As well, 
they are important for the cultural, spiritual, social, and economic survival of Inuit (Furgal et 
al. 2002, Wein et al. 1996). The nutritional value of traditional foods and active lifestyle 
associated with hunting and gathering events are integral components of good health among 
Inuit (Kuhnlein and Chan 2000). Mercury (Hg) levels in the Arctic have increased 
significantly due to human activities since the mid 19th century, with an estimated 74 to 94% 
of Hg in Arctic biota originating from anthropogenic Hg emissions (Dietz et al. 2009). As Hg 
can bioaccumulate and biomagnify along the food chain, marine mammals accumulate high 
concentrations of Hg, which could cause adverse health effects (AMAP 2011). While the 
kidneys are the major target of acute Hg poisoning, chronic Hg exposure primarily affects the 
central nervous system and can cause permanent damage (Clarkson and Magos 2006). Other 
symptoms of chronic toxicity include renal complications, central neuropathy, and extensive 
alterations in behaviour (Tchounwou et al. 2003). Moreover, Hg has been linked to 
autoimmune diseases and has adverse effects on the immune (Clarkson and Magos 2006) and 
endocrine systems (Tan et al. 2009). Recent research has proposed that environmentally 
relevant concentrations of methylmercury (MeHg) can disrupt mammalian DNA methylation 
(see Basu et al. (2014) for review). However, the risk of neurotoxicity associated with current 
Hg exposures in Arctic marine mammals has not been studied sufficiently.
Global human activities, such as fossil fuel combustion, have increased the concentration 
of Hg that occurs naturally in all ecosystems (Pacyna et al. 2006). Long-range transport of
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Hg from densely inhabited areas occurs mainly via the atmosphere (Driscoll et al. 2013). In 
the Arctic Ocean, river discharge and ocean currents are also sources of Hg (Kirk et al. 
2012). In aquatic environments, inorganic mercury (iHg) can be transformed into the more 
biologically available form, MeHg (Lehnherr et al. 2011).
Mercury has been detected in the tissue of polar bears (Ursus maritimus), ringed seals 
(Pusa hispida), and other marine wildlife in the Canadian Arctic (Braune et al. 2005). Recent 
studies suggest that Hg levels have increased from preindustrial concentrations; levels in 
ringed seals have increased 9 to 17 times since the 14th century (Outridge et al. 2009) and 
median Hg concentrations in polar bears from northwest Greenland in 2006 and 2008 have 
increased 23 to 27-fold compared to baseline levels in hair from 1300 AD (Dietz et al. 2011). 
However, Hg concentrations can vary greatly between populations. Spatial differences have 
also been detected in ringed seal liver (Braune et al. 2005, Riget et al. 2005) and polar bear 
liver (Routti et al. 2011) and hair (St. Louis et al. 2011). Differences in Hg accumulation in 
polar bear subpopulations can be explained by variations in carbon and lipid sources (Routti 
et al. 2012), pelagic MeHg concentrations, and food web length (St. Louis et al. 2011). In 
ringed seals, natural geological differences of Hg distribution in the Arctic and differences in 
diet might affect hepatic Hg concentrations (Riget et al. 2005). Differences in liver Hg 
concentrations between subpopulations of marine mammals could reflect differences in brain 
concentrations and variations in Hg concentration are likely.
The brain is the main target organ for MeHg exposure (Clarkson and Magos 2006, Tan et 
al. 2009). However, most wildlife monitoring programs measure liver and kidney Hg 
concentrations (AMAP 2005) and there is little data on Hg concentrations in the brain, which 
is critical for assessing the risk of Hg neurotoxicity.
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Few results are available for ringed seal and polar bear brain tissue. Mercury levels up to 
about 0.67 mg/kg ww were reported in ringed seal brains (n=13) from the Norwegian coast 
(Skaare et al., (1994). In ringed seal brain from northern Canada, 0.16 mg/kg ww has been 
detected (Laird et al. 2009). Basu and colleagues reported Hg concentrations of 0.36 ±0.12 
mg/kg dry weight (dw) (n=82) in the brain stem of east Greenland polar bears (Basu et al. 
2009). A recent analysis of polar bear brain tissue from the eastern Canadian Arctic found Hg 
concentrations of 0.28±0.07, 0.23±0.07, and 0.12±0.03 mg/kg dw in the frontal lobe, 
cerebellum, and brain stem, respectively (Krey et al. 2012). Methylmercury comprised 100% 
of total mercury in the polar bear brain (Krey et al. 2012). To our knowledge, no data on the 
proportion of MeHg in ringed seal have been published previously and this is the first report.
Neurotoxicity is defined as “an adverse change in the structure or function of the central 
and/or peripheral nervous system following exposure to a chemical, physical, or biological 
agent” (Tilson 1990). Indicators of neurotoxic effects (EPA 1998) include: structural or 
neuropathological endpoints (e.g. histologic changes in neurons or glia); neurochemical 
endpoints (e.g. alterations in synthesis, release, uptake, degradation of neurotransmitters); 
neurophysiological endpoints (e.g. change in velocity or amplitude of nerve conduction); 
behavioural and neurological endpoints (e.g. changes in motor coordination, abnormal 
movement, tremors); changes in learning, memory, and attention; and developmental 
endpoints (e.g. chemically induced changes in the growth or organization of structural or 
neurochemical elements) (EPA 1998). However, these neurotoxic effects are difficult to 
measure in arctic marine mammals.
According to Fisk and colleagues (2005) there are two basic methods of evaluating the 
neurotoxic effects of Hg in wildlife. First, the potential effects of Hg can be assessed by
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comparing concentrations of Hg in the brain of arctic marine mammals to levels known to 
have harmful effects on the central nervous system as shown in laboratory studies or 
observations on affected wildlife. However, species differences, the use of single 
contaminants, dose, and exposure time generally differ between laboratory experiments and 
conditions in the Arctic, which can make comparisons and extrapolation difficult. The second 
approach is the use of biomarkers to measure an effect in the central nervous system 
associated with mercury exposure. Most studies on the sensitivity of sub-cellular biomarkers 
have been conducted in controlled laboratory experiments. Using biomarkers in wild animals 
is challenging due to species differences and the impossibility of proving that Hg, and not a 
different stressor, has caused the neurotoxic effect (Fisk et al. 2005).
Furthermore, Hg concentration and toxicity might be modulated by co-ingested substances. 
Dietary components have been shown to affect Hg concentrations in laboratory animals and 
humans (Adachi et al. 2008, Adachi et al. 1992, Canuel et al. 2006, Chapman and Chan 2000, 
Gagne et al. 2013, Passos et al. 2003, Shim et al. 2009). Also, there is evidence that 
compounds in the diet modulate the effects of Hg on the nervous system. Several plant 
extracts have been shown to protect against MeHg-induced neurodevelopmental toxicity and 
neurotoxicity in laboratory animals (Black et al. 2011, Christinal and Sumathi 2013, Lucena 
et al. 2013, Lucena et al. 2010, Sumathi et al. 2012). Other dietary components of wildlife 
and humans such as selenium (Se), found in fish, can diminish Hg-induced neurotoxicity 
(Berry and Ralston 2008, Beyrouty and Chan 2006, Yang et al. 2008), while the protective 
effects of fatty acids are still being discussed (Grotto et al. 2011, Kaur et al. 2011, Kaur et al. 
2009, Kaur et al. 2008, Newland 2012, Rice 2008, Yang et al. 2012). For arctic marine 
mammals, the protective effects of dietary Se and fatty acids are of particular interest.
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The identification of thresholds for Hg toxicity has been based on a few studies. Wiener et 
al. (2003) concluded from observations of wild mink and otter and experiments using Hg- 
dosed mink (Mustela vison) that a brain concentration of >10 mg/kg ww in the brain 
indicates a potentially lethal exposure to MeHg. Similarly, a mean Hg concentration of 16 
mg/kg (range 11-21) in the brain was associated with lethality in small mammals and the 
authors suggested that concentrations >10 mg/kg may be associated with lethality (Shore et 
al. 2011). Comparisons of brain Hg concentrations in polar bears and ringed seals with 
threshold levels have been conducted recently. Scheuhammer and colleagues (2014) 
concluded that brain Hg concentrations in polar bears from Canada were generally below the 
threshold for clinical MeHg neurotoxicity in most mammals, but could be within the range of 
more subtle changes. Dietz and colleagues (2013) evaluated the Hg exposure in Arctic biota 
and concluded that brain Hg levels in polar bears and ringed seals from several Canadian 
populations exceeded the Hg concentration associated with decreased N-methyl-d-aspartate 
receptor (NMDA-R) levels (0.1 mg/kg ww, -0.6 mg/kg dw). However, the above-discussed 
thresholds were based on a few studies, whereas the thresholds used in the present study were 
based on an extensive literature research.
In this study, we assessed the risk of neurotoxicity associated with Hg exposure for polar 
bears, and ringed seals harvested in the Canadian Arctic by Inuit hunters. The concentrations 
of total Hg (THg), Hg species, and Se:Hg molar ratios in the cerebellum and frontal lobe 
were determined for polar bear and ringed seal. The risk of neurotoxicity is discussed in 
relation to Hg concentrations associated with toxicity in laboratory feeding trials and cases of 
observed wildlife poisoning. The Hg concentrations observed in these two species were
73
compared to threshold levels observed in mammalian species. Finally, the potential decrease 
of toxicity associated with Se is discussed.
4.3 Methods
Sample description
Brain tissue of marine mammals was sampled following harvest activities with the support 
of the hunters and community organizations. Polar bear heads (n=24) were provided by the 
Nunavik Research Center (see Krey et al. (2012) for more details) and ringed seal heads 
(n=34) were collected in Nunavut, Canada in collaboration with Environment Canada. The 
cerebellum and frontal lobe were chosen for this assessment because most experimental data 
available examined the cerebellum and cerebrum.
Mercury and selenium concentrations and mercury speciation 
Total Hg and Se were quantified in freeze-dried cerebellum and frontal lobe tissue samples 
from the left hemisphere. Samples were analyzed using one replicate for ringed seal and 
polar bear cerebellum, with a few samples in triplicate as method controls, and triplicates for 
polar bear frontal lobe. All samples were analyzed at the University of Northern British 
Columbia, Prince George, BC, Canada.
The method for metal analysis was based loosely on Chan et al. (1995). Dogfish (Squalus 
acanthias) liver (DOLT-4, National Research Council of Canada) was used as the certified 
standard reference material (SRM). Ringed seal samples, but not polar bear samples, were 
rinsed with acetone before the acid digestion to avoid interference of lipids with the 
measurement instrumentation. The polar bear samples did not contain sufficient amounts of
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interfering material to require the acetone wash. The acetone wash was performed on ringed 
seal tissue after no difference was found in Hg concentrations between acetone-rinsed and 
un-rinsed samples of beluga whale tissue (pers. comm. Sonja Ostertag).
Concentrated nitric acid (4 ml) was added to the freeze-dried samples (up to 0.1 g) in glass 
tubes. Samples were covered with glass reflux bulbs and predigested at room temperature 
overnight. After adding 1 ml hydrochloric acid (HC1, 30%), gold chloride (1 ppm) was added 
for stabilization to the ringed seal samples but not the polar bear samples. The tubes were 
heated in a dry bath at 100°C for 7 hr. After the samples reached room temperature, 1 ml 
hydrogen peroxide (H20 2, 35%) was added. The volume of the digested sample was made up 
to 50 ml with Nanopure water. Samples were analyzed using an inductively coupled plasma 
mass spectrometer (ICP-MS; Agilent Technologies™, 7500 CX).
Inorganic Hg and MeHg were extracted using 0.1% (v/v) HC1, 0.1% 2-mercaptoethanol 
(v/v), and 0.15% (v/v) potassium chloride (KC1). After sonication and centrifugation, the 
supernatant was decanted and the extraction was repeated. Samples were analyzed with high 
performance liquid chromatography (HPLC) (Agilent 1200 series HPLC system, Agilent 
Technologies Canada Inc., Mississauga, Canada) connected to an ICP-MS (Agilent 
Technologies™, 7500 CX). Fish protein homogenate (DORM-2, National Research Council 
of Canada), DOLT-4, and lobster hepatopancreas (TORT-2, National Research Council of 
Canada) were used as SRMs. See Krey et al. (2012) for more information. Levels of THg 
determined by HPLC-ICP-MS were marginally higher than levels measured by ICP-MS. 
Values were blank-corrected and recovery-corrected when necessary.
Although concentrations were analyzed in freeze-dried samples, the results were converted 
to wet weight for comparison with literature values using sample-specific moisture content,
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on average 77% in ringed seal brain and polar bear frontal lobe and 74% for polar bear 
cerebellum, as established through freeze-drying.
Statistical analysis
The correlations of Se to Hg molar concentrations were assessed with Statistical Analysis 
System (SAS) 9.1. (SAS Institute, Cary, NC, USA) (Pearson or Spearman). Linear and 
nonlinear regressions of the relationship of the Se:Hg molar ratio and Hg molar concentration 
were performed using SAS 9.1 after using GraphPad Prism 6 to establish initial parameters 
for the models. Normality (Kolmogorov-Smimov test) and homoscedasticity (visual) of the 
residuals were assessed for all models. Values of p<0.05 were regarded as significant. One 
outlier (identified as >1.5 times the interquartile range) was removed from the polar bear 
cerebellum analysis. Concentrations and ratios are reported in mean±standard deviation 
unless otherwise indicated.
iHg and MeHg neurotoxicity thresholds
Mercury neurotoxicity thresholds are available for environmentally-exposed wildlife based 
on a few studies. To get a more complete picture, a review of the literature was conducted by 
searching PubMed, ScienceDirect, Google Scholar, and references from relevant articles 
describing brain THg, iHg, and MeHg concentrations in mammals associated with 
neurotoxicity in animal feeding trials or observed effects and known Hg concentration in 
deceased wildlife. Gestational or lactational exposure, and hence neurodevelopmental effects, 
were not considered. Species, sex (if available), age (if available), exposure type, dose, and 
duration, form of Hg, brain Hg concentration and form, and symptoms were summarized
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(Appendix A and B). Threshold brain Hg and MeHg concentrations were selected based on 
the lowest Hg and MeHg concentrations associated with different levels of neurotoxicity in 
animal feeding trials or wildlife cases. Since most values in the literature were presented in 
ww, the results from our study were converted into ww as explained above. When 
concentrations in other studies were presented in dw, the average moisture content from the 
study or, if unavailable, an average moisture content from other studies on the same species 
was used to convert values into ww.
4.3 Results
Mercury concentration and speciation and Se:Hg ratio
The concentrations and proportions of Se, THg, MeHg, and iHg varied in brain tissue 
analyzed from polar bears and ringed seals (Table 4.1, Table 4.2). The minimum THg 
concentration was <0.1 mg/kg ww in both brain regions of the two species. The 
concentrations and ranges in the cerebellum and frontal lobe were similar within each 
species. The two species had different ranges of Hg concentrations; the ratio between the 
highest and lowest values was 4.5 for polar bear cerebellum and frontal lobe, 21.5 and 48 for 
ringed seal cerebellum and frontal lobe, respectively. Furthermore, Hg speciation differed 
greatly; while MeHg accounted for 100% of the THg in polar bear brain it ranged from 
approximately 60 to 95% in ringed seal brain. Since these two species exhibited different 
patterns of Hg accumulation, the possible effects of Hg were expected to differ.
The molar concentrations of Se and THg correlated positively in the cerebellum of polar 
bears (rs = 0.79, p<0.0001); however, significant correlations were not observed in the other 
brain regions (Fig. 4.1). The molar ratio of Se:THg (mmol/kg) correlated negatively with
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THg concentration (mmol/kg); as Se:Hg decreased, Hg increased in both brain regions of the 
two species (Fig. 4.2). In ringed seal brain tissue, the decrease followed a one-phase-decay 
(Y=(Y0 - Plateau)*exp(-K*X) + Plateau); Se;THg (mmol/kg) decreased significantly with 
increasing THg concentration (mmol/kg) (Table 4.3). The relationship of Se:THg (mmol/kg) 
versus THg (mmol/kg) was linear in the polar bear brain tissue (Table 4.3).
Mercury toxicity
We reviewed brain Hg concentrations associated with toxicity as reported in the literature 
for clinical, neuropathological, neurochemical, and neurobehavioural effects and compared 
them with the brain Hg concentrations in the marine mammals. Thresholds of toxicity as 
found in literature are presented in appendices A (laboratory studies) and B (field 
observations). Several levels of neurotoxicity have been identified: clinical signs, 
neuropathological signs, neurochemical disruption and neurobehavioural effects such as 
changes in behaviour, immune response or electrical potential, and genetic factors (inhibiting 
or activating transcription factors, changes in DNA sequence) (Fretham et al. 2012) or 
epigenetic modifications (post-translational modifications of histone proteins that package 
DNA) (Fretham et al. 2012) such as DNA methylation.
A number of effects have been identified in the literature. Typical clinical signs of Hg 
intoxication in laboratory animals include hind limb crossing, gait disorders, clonic 
convulsions, vomiting, blindness, recumbency, and finally death (Appendices A and B). 
Examples for neuropathological symptoms related to Hg exposure include loss of granule 
cells and neurons (Appendix A). As well, neurochemical changes, such as disruptions in 
receptor binding or enzyme activity in brain tissue, and neurobehavioural changes, such as
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upregulations of genes and changes in locomotor activities, are associated with Hg exposure 
(Appendices A and B). See overview of reviewed literature in appendices A (laboratory 
studies) and B (field observations) for details.
The concentration of THg in polar bear (100% MeHg) cerebellum and frontal lobe and in 
ringed seal cerebellum (MeHg 66-95%) and frontal lobe (MeHg 59-95%) in relation to the 
toxicity thresholds from the literature is shown in Figure Fig. 4.3. In ringed seals, 6% of the 
animals exceeded the threshols for neurochemical changes and 76% (frontal lobe) and 85% 
(cerebellum), respectively exceeded the threshold for neurobehavioural changes.
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Fig. 4.1 Relationship of the molar concentrations [mmol/kg] of selenium (Se) and mercury 
(Hg) in polar bear a) cerebellum (n=23), b) frontal lobe (n=24), ringed seal c) cerebellum 
(n=31), d) frontal lobe (n=34). The molar concentrations were correlated in cerebellum tissue 
of polar bears (rs = 0.79, p<0.0001).
Table 4.1 Total mercury (THg) concentration [mg/kg wet weight (ww)] and selenium-to-mercury (Se:Hg) molar ratio in ringed seal 
and polar bear brain tissues (cb: cerebellum, fr: frontal lobe) measured by ICP-MS; sd: standard deviation, min: minimum, max: 
maximum.
THg [mg/kg ww] Se:Hg molar ratio
n median mean sd min max median mean sd min max
Ringed seal cb 31 0.13 0.16 0.13 0.02 0.47 5.46 10.02 14.28 1.60 72.30
Ringed seal fr 34 0.10 0.16 0.14 0.01 0.57 6.22 10.7 12.4 1.66 61.30
Polar bear cb 24 0.05 0.05 0.02 0.02 0.09 8.15 8.90 2.90 5.18 13.15
Polar bear fr 24 0.05 0.06 0.02 0.02 0.09 6.00 6.13 2.09 2.36 10.54
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Table 4.2 Concentrations of methylmercury (MeHg) and inorganic mercury (iHg) [mg/kg wet weight (ww)], and MeHg proportion 
[MeHg %] in ringed seal and polar bear brain tissues (cb: cerebellum, fr: frontal lobe) measured by HPLC-ICP-MS; sd: standard 
deviation, min: minimum, max: maximum, nd: not detected.
n
MeHg [mg/kg ww]
median mean sd min max
iHg [mg/kg ww]
median mean sd min max
MeHg [%]
median mean sd min max
Ringed seal cb 25 0.06 0.15 0.14 0.01 0.49 0.01 0.02 0.02 0.002 0.07 91.4 89.8 5.56 65.6 94.50
Ringed seal fr 30 0.07 0.15 0.14 0.01 0.50 0.01 0.02 0.02 0.003 0.09 91.5 89.0 7.0 58.7 94.95
Polar bear cb 22 0.06 0.06 0.02 0.03 0.12 nd nd 100.00 100.00
Polar bear fr 24 0.07 0.07 0.02 0.04 0.09 nd nd 100.00 100.00
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Table 4.3 Relationship between the selenium-to-total mercury (Se:THg) molar ratio 
[mmol/kg] and total mercury (THg) concentration [mmol/kg] in cerebellum (cb) and frontal 
lobe (fr) brain regions of ringed seals and polar bears.
Brain Ringed seal Polar bear
region
cb F2,28=l66.26, p<0.0001, R^O.92, F,,2i—7.87, p=0.01, R^=0.27,
SeTHg[mmol/kg]=(447- t=-2.8, p=0.0106, df=l, y-intercept
5.7)*exp(-5.3*THg significantly different from 0: t=l 0.31,
[mmol/kg])+5.7 p<0.0001, df=l 
SeTHg[mmol/kg]=l 1.38+ 
(-2.9*THg [mmol/kg])
fr F2,3i=l26.73, pO.OOOl, R2=0.89, Fi,22=6 1.66, p<0.0001, R2=0.74, t=-7.85,
SeTHg[mmol/kg]=(l 17- p<0.0001, df=l,
4.5)*exp(2.4*THg y-intercept significantly different from 0:
[mmol/kg])+4.5 t=l 6.18, p<0.0001, df=l 
SeTHg[mmol/kg]=l 1.14+ 
(-4.6*THg [mmol/kg])
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Fig. 4.2 Relationship of total mercury (Hg) concentration [mmol/kg] and of selenium-to-total 
mercury (Se:Hg) molar ratio in polar bear cerebellum (a) and frontal lobe (b), ringed seal 
cerebellum (c) and frontal lobe (d). Lines indicate significant regression. Results from data 
analysis in table 4.3.
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polar bear cb tHg polar bear fr tHg ringed seal cb tHg ringed seal fr tHg
Fig. 4.3 Total mercury (THg) [mg/kg wet weight] in cerebellum (cb) and frontal lobe (fr) of 
polar bear (n=24) and ringed seal (cb n=31, fr n=34) compared to levels associated with 
neurotoxic effects in laboratory studies (appendix A) and field observations (appendix B). 
The center vertical line marks the median and the edges of the box represent the first and 
third quartiles. The whiskers show the range of values. Circles indicate outliers which are 1.5 
to 3 times larger than the interquartile range, 
a: >0.4 mg kg'1 ww neurochemical changes
b: >0.1 mg kg'1 ww neurobehavioural changes
4.4 Discussion
The significance of current Hg exposure in ringed seals and polar bears was examined with
respect to concentrations of Hg in the brain associated with neurotoxicity in laboratory
feeding trials and field observations.
In laboratory studies and field observations, clinical signs are generally observed at brain
concentrations of >6.75 mg THg/kg ww, but have been detected at concentrations of >2 mg
THg/kg ww. Neuropathological signs have been observed at brain concentrations >4 mg
THg/kg. Normally, no clinical or neuropathological effects have been found at brain
concentrations <0.2 mg THg/kg ww. Neurochemical disruptions have been detected in brain
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tissue with >0.4 mg THg/kg ww. In general, changes in behaviour, genetic or immune 
response, or electrical potential have been found at brain concentrations >0.1 mg THg/kg ww 
(Appendices A and B).
Based on the results of this study, brain Hg concentrations in polar bears and ringed seals 
are lower than levels known to be neurotoxic based on the conventional characterization, 
which includes neuropathological and clinical signs. However, ringed seals could be affected 
by neurobehavioural or neurochemical changes.
Threshold approach
Only a few studies met the criteria to be included for the comparison in this study: 
mammalian species, adult subjects, exposure via diet, brain Hg concentration measured, and 
neurotoxic effects assessed. Whereas experiments in the last century mainly looked at clinical 
and neuropathological signs (e.g. Evans et al. (1977), Wobeser et al. (1976)), recent studies 
have accounted for symptoms that occur at sub-lethal brain Hg concentrations (Basu et al. 
2010, Bourdineaud et al. 2012a, Huang et al. 2008).
The polar bear and ringed seal brain Hg concentrations were lower than the threshold of 
6.75 mg/kg ww for clinical or 4 mg/kg ww for neuropathological Hg-associated symptoms as 
observed in animal feeding trials or wildlife observations (Appendices A and B). Also, polar 
bear brain Hg concentrations were lower than the lowest-observed-adverse-effect level 
(LOAEL) of 0.4 mg/kg ww brain tissue for neurochemical changes established in captive 
mink (Basu et al. 2008, Basu et al. 2010, Basu et al. 2007c, Basu et al. 2006b). 
Neurobehavioural effects have been detected in laboratory animals at levels as low as 0.1 
mg/kg ww and could affect some polar bears and ringed seals. As well, individual ringed
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seals with very high Hg concentrations in the brain could experience neurochemical changes. 
The high Se:Hg molar ratio in the brain of these species could protect the animals from Hg- 
associated neurotoxicity, and is discussed later.
Limitations
This assessment was limited by several factors that influence neurotoxicity in animals: 
species, sex, age, the form of Hg during exposure, the form of Hg in the brain, the brain 
region studied, interactions with modifiers of Hg-associated toxicity such as Se, individual 
differences, exposure to contaminant mixtures, and other environmental stressors.
Differences between animal species, age, and sex
Qualitative and quantitative neurotoxic effects after exposure to Hg and MeHg vary among 
species (Hoskins and Hupp 1978). Data on Hg inhibition of neurochemical effects were 
similar across the laboratory and wildlife species tested, and Basu et al. (2005c) suggested 
that this conservation in Hg-associated neurotoxicity supported data extrapolation to humans 
and wildlife in risk assessments. The cause of interspecies differences has not been resolved, 
but could be due to different accumulation and excretion rates in the brain, the long-term 
form of Hg in the brain, and different susceptibilities to different forms of Hg. Although there 
is no knowledge on how ringed seals and polar bears might be affected by higher brain Hg 
concentrations than they currently experience, clinical and neuropathological symptoms seem 
to be similar across mammalian species and could be expected in Arctic marine mammals if 
Hg concentrations in the brain were much higher.
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Our study included males and females and animals of several age groups. Most experimental 
studies have been performed on males, but sex differences have been observed in several 
species when both males and females were studied (Gimenez-Llort et al. 2001, Goulet et al. 
2003, Magos et al. 1981, Rossi et al. 1997, Vahter et al. 2007, Weiss 2011, Yasutake and 
Hirayama 1988).
Young mice are often used in experiments “because they grow quickly and are more 
sensitive to MeHg than older animals” (Bourdineaud et al. 2011, Godefroy et al. 2012). 
Accumulation of Hg in the brain has been shown to be greater in younger animals, but older 
animals might be more susceptible to Hg exposure due to the aging process (Kostial et al. 
1978). In older rats, age-related effects are difficult to distinguish from Hg-related effects 
(Eto et al., 1997; Yasutake et al., 1997). Age-dependent differences in Hg-related effects in 
rats were shown by Gimenez-Llort et al. (2001). The age and sex of the animals used in this 
study might have influenced their sensitivity to Hg exposure but were not considered in this 
threshold comparison to limit the scope of this study.
Laboratory versus environmental exposure
Dietary exposure to Hg is mainly in the form of MeHg (Hintelmann 2010). Methylmercury 
is taken up easily by the gastrointestinal tract and nervous system (Clarkson and Magos 
2006). Although iHg absorption by the gastrointestinal system is limited and it is not 
transported into the brain readily (Clarkson and Magos 2006), it can be methylated in the 
gastrointestinal tract of mammals (Rowland et al. 1977, Rowland et al. 1975). The species of 
Hg during exposure is important in determining neurotoxic effects (Aulerich et al. 1974, 
Basu et al. 2005c). For example, in mink (Mustela vison) fed 5 mg/kg MeHg or 10 mg/kg
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HgCh, the brain THg concentration was 19.1 ±4.55 mg/kg for the MeHg group but only 0.24 
mg/kg for the iHg (HgCh) group. While the control and mink exposed to iHg did not show 
signs of neurotoxicity, the MeHg group exhibited anorexia, weight loss, poor motor 
coordination, and tremors preceding death (Aulerich et al. 1974). Since the form of Hg 
exposure in experiments determines the level of Hg in the brain, it influences the expected 
toxicity.
Interactions among co-pollutants are important when considering effects in wildlife. Arctic 
marine mammals are exposed to many contaminants, including other metals and persistent 
organic pollutants (AMAP 2010, AMAP/UNEP 2013). For example, in ranch mink fed either 
MeHg or MeHg and polychlorinated biphenyls (PCBs), mortality in females was lower in the 
group exposed to both PCBs and MeHg than the MeHg-exposed group (Wren et al. 1987). 
As well, Rice (2008) reported that an interaction between PCBs and MeHg was observed for 
some of the tested endpoints, including cognition, motor performance, and neuropathological 
effects. Results of the effects of combined exposure to PCBs and Hg have been inconclusive 
(Castoldi et al. 2006, Coccini et al. 2009, Elabbas et al. 2014, Pelletier et al. 2009).
Polar bears and ringed seals are exposed to many contaminants, including PCBs, 
polybrominated diphenyl ethers (PBDEs), pesticides, and non-essential trace-metals (Muir 
and de Wit 2010, Riget et al. 2011). The concentrations of these contaminants are not 
available for these animals. The interactions of this mixture of contaminants in marine 
mammals are unknown. There is limited research on the interactions between Hg and other 
environmental pollutants and the effects of co-exposure should be pursued further to enhance 
the understanding of effects of environmental contaminants on wildlife.
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Wildlife are exposed to different stressors in their natural environment than laboratory 
animals and these interactions have to be considered when assessing the risk of contaminants 
(Wren et al. 1987). For example, the combination of endocrine-disrupting chemicals and 
climate change is expected to cause an amplified risk to arctic marine mammals because the 
endocrine system is involved in facilitating adequate response to environmental stress 
(Jenssen 2006). Neurotoxic effects of Hg can be exacerbated by environmental factors, such 
as abnormal temperature. Wren et al. (1986) reported enhanced MeHg toxicity, including 
increased mortality, in mink mistakenly exposed to cold temperatures. This combined effect 
had been shown previously in rats exposed to MeHg and high or low temperatures 
(Yamaguchi et al. 1984). As well, decreased wildlife health and increased mortality is 
expected from interactions between contaminants and other stressors, such as parasites 
(Marcogliese and Pietrock 2011). The occurrence of infectious diseases and parasites could 
increase in arctic ecosystems due to climate change (Bradley et al. 2005, Hueffer et al. 2011, 
Kutz et al. 2005, Marcogliese 2008). For example, in Svalbard, the frequency of a protozoan 
parasite in polar bears has increased in recent years (Jensen et al. 2010), which has been 
linked to warmer waters or the invasion of a more temperate vector (Jensen et al. 2010). In 
cetaceans, higher PCB and organotin levels have been linked to parasitic infections, showing 
a possible association between contaminant concentration levels and animal health (Isobe et 
al. 2011, Nakayama et al. 2009). There is extensive uncertainty regarding the assessment of 
risk to wildlife from several, possibly interacting, stressors and more research is needed 
before this topic can be addressed adequately (Munns Jr 2006).
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Mercury speciation
The form of Hg in the brain is another important factor in toxicity. There is no clear 
evidence that inorganic Hg crosses the blood-brain-barrier (Wang et al. 2012) and if assumed 
to do so, then only to a limited extent (Friberg and Mottet 1989). Consequently, iHg in the 
brain must form by demethylation of MeHg (Shapiro and Chan 2008, Syversen 1974, Vahter 
et al. 1995). Furthermore, experimental studies suggest that MeHg demethylation occurs in 
the brain; Vahter et al. (1995) exposed monkeys orally to MeHg for 6 to 12 months and the 
concentrations of MeHg and iHg increased in all measured brain sites. Inorganic Hg 
constituted about 9% of the total Hg at 6 and 12 months and 12% at 18 months in most brain 
parts. The elimination half-life of iHg is between 230 and 540 days in most brain sites in 
monkeys (Vahter et al. 1995), and the half-life of iHg in human brain is several years to 
several decades (Rooney 2014). Inorganic Hg is retained in the brain because of its low 
ability to cross cell membranes due to its charge (Mutter et al. 2010). It has been suggested 
that the latency period of MeHg poisoning is connected to the slow conversion into divalent 
iHg and its accumulation and that iHg is the primary toxic agent (Shapiro and Chan 2008, 
Weiss et al. 2002). However, there are other possible explanations for the delayed onset of 
MeHg neurotoxicity (Weiss et al. 2002) and the discussion about the form of Hg responsible 
for the main neurotoxic effects is ongoing (Clarkson and Magos 2006, Ishitobi et al. 2010). 
Basu and colleagues (2005c) found that iHg was a more potent inhibitor of the muscarinic 
acetylcholine receptor (mAChR) than MeHg in experimental exposures of brain tissue in 
several mammal species. Other studies (Yokel et al. 2006) have shown that the form of Hg in 
the brain is important in toxicity evaluations. Marine mammals are primarily exposed to
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MeHg (Kirk et al. 2012) and MeHg is likely demethylated in the brain of ringed seals (this 
study).
Brain region
The concentration and effects of Hg depend on the brain region studied. Krey et al. (2012) 
showed a significant difference in the accumulation of MeHg in three brain regions of polar 
bears. Furthermore, thresholds of neurochemical disruption associated with Hg exposure 
varied among brain regions and neurochemicals tested in captive mink. The cerebellum and 
occipital cortex exhibited neurochemical variation at lower doses than the basal ganglia of 
captive mink exposed to 0.1 to 2 mg/kg MeHg (Basu et al. 2010, Basu et al. 2007c); NMDA- 
R decreased in the cerebellum and occipital cortex at the lowest dose of MeHg (0.1 mg/kg) at 
a brain concentration of 1.5±0.34 mg/kg dw, followed by the basal ganglia (4.09±0.98 mg/kg 
dw) (Basu et al. 2007c). A brain THg concentration of 7.13±0.94 mg/kg (1 mg/kg MeHg, 
dietary exposure) was associated with an increase in mAChR density (occipital cortex) and a 
decrease in gamma-aminobutyric acid A receptor (GABA-A-R) (brain stem). There was a 
decrease in GABA-A-R in the cerebellum and basal ganglia at 15.38±3.92 mg/kg dw (2 
mg/kg MeHg, dietary exposure) (Basu et al. 2010). As well, Dombos and colleagues (2013) 
found an effect of Hg on NMDA-R in the brain stem but not cerebellum or occipital lobe in 
wild river otter (Lontra canadensis).
The reason for differences in sensitivity to Hg exposure remains debated (Kaur and 
Syversen 2012). One contributing factor could be the amount of Hg-binding compounds; 
binding of thiol groups reduces the amount of Hg that can interact with sensitive cellular
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binding sites (Syversen and Kaur 2012). Cells with many thiol groups have a high Hg 
tolerance and the types of cells in different brain regions contribute to the difference in 
sensitivity (Syversen and Kaur 2012). Furthermore, the number of certain receptors and their 
subunits could influence MeHg sensitivity, causing differences among brain regions (Kaur et 
al. 2006).
Mercury detoxification
Several compounds have been proposed to modify Hg neurotoxicity, including Se, which 
is found in fish and shellfish (Burger and Gochfeld 2013, Kehrig et al. 2013). Selenium and 
sulfur groups are important factors in sustaining redox homeostasis in the brain, as they are 
necessary in many antioxidants (Park and Zheng 2012, Schweizer et al. 2004). Since Hg 
binds preferentially to Se over sulfur, high Hg could reduce the bioavailability of Se in the 
brain (Syversen and Kaur 2012). The molar ratio of Se:Hg might affect Hg neurotoxicity in 
exposed wildlife (Ganther et al. 1972, Koeman et al. 1973) and Se compounds have been 
associated with reduced Hg toxicity in mammals, birds, and fish (Berry and Ralston 2008). 
Furthermore, the binding of iHg to Se might contribute to the retention of iHg in the brain 
(Bjorkman et al. 1995).
Although the mechanism of protection of Se from Hg toxicity remains unclear, several 
processes have been suggested (as reviewed by Syversen and Kaur (2012)), including: 
sequestration of Hg; antioxidative effect; increased glutathione (GSH) synthesis; increased 
GSH peroxidase activity; high selenoprotein levels; and increased demethylation.
Selenium might attenuate Hg toxicity by reducing oxidative stress, forming inert 
compounds with Hg, and forming bis (methylmercury) selenide (Yang et al. 2008). Selenium
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has been linked to a decrease in neurotoxic effects of Hg exposure and an increase in Hg 
accumulation in the brain during animal feeding trials (Ralston et al. 2008). In rats fed diets 
with varying concentrations of sodium selenite and MeHg, MeHg toxicity was inversely 
related to tissue Se and directly related to Hg:Se ratios (Ralston et al. 2008). Methylmercury 
toxicity has been linked to its high binding affinity with Se, perhaps due to its ability to 
inhibit selenium-dependent enzyme activity in the brain (Watanabe et al. 1999). 
Selenocysteine is present in the active site of all selenoenzymes, including glutathione 
peroxidase, a potent antioxidant. Mercury can affect the amount of biologically available Se 
necessary for maintaining adequate selenoenzyme levels, which is essential for protecting the 
brain from oxidative stress (Ralston et al. 2008). Although the protective effect of Se on Hg- 
associated neurotoxicity is widely acknowledged, the mechanisms remain to be discovered.
In wildlife, Se and Hg levels correlated positively in polar bear cerebellum. Ratios of 
Se:Hg >1 are assumed to counteract the adverse effects of Hg, protecting against Hg toxicity 
(Kehrig et al. 2013). In controlled feeding trials, the Se:Hg molar ratio was 83 in rats exposed 
to low equimolar amounts of Se and MeHg and 7 in rats exposed to two times more MeHg 
than Se (Brockman et al. 2011). In mink exposed to dietary MeHg and Se, the molar ratio of 
Se:Hg was 0.06 (Jemelov et al. 1976). There was a molar excess of Hg in relation to Se in 
brain tissue of wild mink from Nova Scotia (Haines et al. 2004) and in wild otter, molar 
ratios of Se:Hg have been reported to be 1 (Haines et al. 2010). However, Se:Hg molar ratios 
are generally not reported in Hg neurotoxicity studies or observations of intoxications in 
mammals. In this study, the lowest Se:Hg ratio observed in polar bears was 2.4 (frontal lobe) 
and in ringed seals was 1.6 (cerebellum). Therefore it is expected that these species are 
protected from direct Hg neurotoxicity. In comparison, the lowest Se:Hg ratio observed in
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arctic beluga whales {Delphinapterus leucas) was 0.99 (n = 81) in the temporal cortex 
(Ostertag et al., 2013). Consequently, beluga whales might have an increased risk of Hg 
neurotoxicity. The molar ratio of Se.THg (mmol/kg) significantly decreased with increasing 
THg concentration (mmol/kg). In ringed seals the ratio was close to 1 at very high Hg 
concentrations. This could result in less protection from Hg-associated toxicity at low 
concentrations of Se in the brain, but the implication for the health of the animals is 
unknown.
Individual variation
Individual vulnerability to a contaminant is affected by variations in alleles and inherited 
defects (Fretham et al. 2012). The effects of Hg may be facilitated by polymorphisms in 
several genes responsible for absorption, distribution, metabolism, and excretion (Fretham et 
al. 2012). Gundacker and colleagues (2010) reviewed the significance of individual genetic 
make-up to the toxicokinetics of Hg and concluded that gene variants could explain some of 
the individual susceptibility towards Hg toxicity. Recently, it was shown that polymorphisms 
in specific GSH-related genes were related to Hg concentrations in people exposed to MeHg 
via fish consumption (Barcelos et al. 2013). Mercury levels were related to antioxidant 
response, which was modified by glutathione S-transferase Mu 1 (GSTM1) polymorphism. 
Subsequently, polymorphisms could modify Hg-related effects. The authors advised that 
more research is needed to understand the genetic influence on the kinetics and toxicology of 
MeHg (Barcelos et al. 2013).
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Further considerations
Toxicity risk in wildlife can be assessed by comparing contaminant concentrations in 
tissue of wild mammals with those of suitable laboratory toxicity animal models, known as 
the tissue residue approach (TRA). Threshold levels of Hg toxicity established in laboratory 
animals are important indicators of the neurotoxic effects that can be expected in wildlife 
species. Regardless, the form of Hg during exposure, animal species, sex, brain region, 
concentration and form of Hg in the brain, and Se:Hg ratio are factors that influence 
neurotoxic effects.
There are several data gaps regarding neurotoxic effects of Hg in laboratory and wildlife 
animals. Brain concentrations of MeHg, THg, and Hg-.Se molar ratios should be considered 
when assessing the risk of Hg to animal health and survival. Also, the concentration of Hg in 
tissue is not reported consistently, if at all. Tissue should be freeze-dried and values given in 
dry weight to avoid variation due to moisture content of the sample with the percentage of 
moisture indicated for calculation of wet weight. It is not only crucial to report the form of 
exposure, whether oral, intravenous, or mixed with food, in experimental studies, but also the 
dose and species of Hg. Furthermore, Hg concentration, species, and Se:Hg molar ratio in the 
brain must be quantified in specific brain regions to establish useful threshold levels.
Another approach to studying toxicity risk in wildlife is to study markers of neurotoxic 
effects directly in wildlife. However, this approach is limited by the absence of an unexposed 
control and the impossibility of establishing causality. Biomarkers might be useful to 
correlate contaminant exposure to various endpoints; however, these changes might not 
reflect toxicity, but instead could indicate that adaptive biochemical changes have occurred 
(Letcher et al. 2010). Conversely, neurochemical changes could represent early and
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reversible indicators of neurological harm, because they occur before the onset of overt 
functional or structural damage (Manzo et al. 1996, Manzo et al. 2001). Characterizing 
neurochemical parameters in toxicant-exposed wildlife populations represents a unique tool 
to evaluate potential adverse neurobehavioural outcomes.
Conclusion
Mercury neurotoxicity in wildlife is challenging to assess because of restricted data 
availability and the limitations of identifying thresholds. Based on their high exposures, 
ringed seals might be at risk for neurochemical changes or neurobehavioural effects but not 
neuropathological or clinical symptoms of Hg-intoxication. Mercury concentrations in polar 
bear brains were below the threshold for neurochemical changes, but individuals with 
exceptionally high brain concentrations could experience neurobehavioural effects. The TRA 
and biomarker methods are useful tools in risk assessment and more studies are needed to 
evaluate the risk of contaminant exposure in arctic marine mammals.
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5 Mercury concentration and speciation and its association with neurochemical 
biomarkers in the brain of ringed seals (Pusa hispida)
5.1 Abstract
Ringed seals (Pusa hispida) accumulate high concentrations of mercury (Hg) in liver and 
kidney tissue. Mercury compounds have been found in ringed seal brain, but the neurotoxic 
effects in marine mammals have not been studied well. Total Hg (THg), inorganic Hg (iHg), 
methylmercury (MeHg), and selenium (Se) concentrations were measured in three brain 
regions, brain stem, cerebellum, and frontal lobe, dissected from 29 ringed seals sampled in 
Nunavut, Canada. The median THg concentrations were 0.15, 0.34, and 0.28 pg g '1 in the 
brain stem, cerebellum, and frontal lobe, respectively, and the proportion of MeHg ranged 
from 30 to 100%. Methylmercury and iHg concentrations were related to N-methyl-d- 
aspartate receptor (NMDA-R) binding in the frontal lobe. In the cerebellum, THg and Se 
concentrations were associated with NMDA-R binding. Lower total monoamine oxidase 
(MAO) activity was associated with higher iHg concentrations in the brain stem and 
cerebellum, and with higher THg concentrations in the cerebellum. These results show that 
Hg compounds disrupt neurochemical parameters in different brain regions of wild ringed 
seals. Modifications of neurochemical markers likely have energetic costs and are reason for 
concern for the health of wild ringed seals.
5.2 Introduction
Marine mammals can accumulate high concentrations of mercury (Hg) due to
bioaccumulation and biomagnification of methylmercury (MeHg) in the food web (AMAP
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2011). Arctic ringed seals (Pusa hispida) are found in ice-covered waters throughout the 
Arctic Ocean (McLaren 1958, Smith 1987). Seal meat, blubber, and liver are important 
components of the traditional food of Inuit (Wein et al. 1996) and seal hunting is an integral 
part of the traditional lifestyle in the North (Furgal et al. 2002). Elevated Hg concentrations 
have been reported in ringed seals across the Arctic (AMAP 2011), which have increased 9 
to 17 times in the last 700 years (Outridge et al. 2009) due to anthropogenic activities (Dietz 
et al. 2009).
The adverse effects of chronic Hg exposure for ringed seals have not been studied 
sufficiently. While Hg mainly affects the central nervous system (CNS) (Clarkson and Magos 
2006, Tan et al. 2009), most data are on liver and kidney concentrations (AMAP 2005). 
There are few results for ringed seal brain tissue. In Norway, Hg levels up to about 0.1 mg/kg 
wet weight (ww) (0.42 mg/kg dry weight (dw) based on 76% moisture) were found in ringed 
seal brains (n—13) (Skaare et al. 1994). In ringed seal brain from Canada, 0.16 mg/kg ww 
(-0.67 mg/kg dw based on 76% moisture) has been detected (Laird et al. 2009). Recently, Hg 
concentrations ranging from 0.06 to 2.08 mg/kg dw (n=34) were reported in ringed seal brain 
from Nunavut (Krey et al. 2014). Krey et al. (Krey et al. 2014) concluded that total Hg (THg) 
levels in ringed seal brain were within the range of neurobehavioural effects and that highly 
exposed animals could be affected by neurochemical changes.
Atmospherically deposited Hg2+ is converted to MeHg by microorganisms in the Arctic 
ecosystem (Barkay et al. 2011, Pongratz and Heumann 1999). Mercury magnifies in the 
piscivorous food chain (summarized by Dehn et al. (2006)) due to the high transfer efficiency 
of MeHg from phytoplankton to copepods and the high proportion of bioavailable MeHg in 
fish muscle and flesh (Dehn et al. 2006, Laird et al. 2009).
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Although research indicates that inorganic Hg (iHg) either cannot cross the blood-brain 
barrier (Clarkson and Magos 2006) or only do so to a limited extent (Pamphlett and Jew 
2013, Pamphlett and Waley 1996), MeHg can enter the brain, likely in a cysteine complex 
(Clarkson and Magos 2006). Demethylation of MeHg occurs slowly in the brain of many 
mammals (Berlin et al. 1975a, Korbas et al. 2010, Syversen 1974, Thomas et al. 1988, Vahter 
et al. 1995) and iHg accumulates in the brain (WHO 1990). The proportion of THg found as 
MeHg in the brain varies among species. The proportion of MeHg was 4 to 109% in beluga 
whales (Delphinapterus leucas) (Ostertag et al. 2013), 100% in polar bears (Ursus 
maritimus) (Krey et al. 2012), and 8 to 51% in Risso’s dolphins (Grampus griseus) (Capelli 
et al. 2008).
Demethylation of MeHg also occurs in the liver and kidney of marine mammals. In ringed 
seals from Alaska, 10.8% (range 1.1 to 25.4%) of the hepatic THg was MeHg (Woshner et al. 
2001a). The proportion of MeHg was 5.5% in polar bear liver (Woshner et al. 2001a) and 
2.29 ± 2.99% in bearded seal (Erignathns barbatus) liver (Dehn et al. 2005). In kidney tissue, 
the proportion of MeHg was <6% in polar bears (Dietz et al. 1990), 17.98±14% in ringed 
seals, and 2.35±2.0% in bearded seals (Dehn et al. 2005). Since marine mammals are 
exposed primarily to MeHg, most of the iHg likely has been formed in the liver or kidney. 
After demethylation, iHg can bind to selenium (Se) and form inert complexes that can be 
deposited in the liver permanently (Khan and Wang 2009), thereby decreasing accumulation 
in the brain.
Methylmercury toxicity is characterized by damage to the CNS and includes sensory and 
motor deficits and behavioural impairment (Clarkson and Magos 2006). For example, the 
accidental poisoning of the local population of Minamata Bay via consumption of fish highly
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contaminated with MeHg caused neurological diseases that included sensory deficits and 
tremors (Clarkson and Magos 2006, Mergler et al. 2007). Other studies have confirmed Hg- 
related deficits in motor and sensory function in human populations exposed to dietary MeHg 
(Mergler et al. 2007). In wildlife, anorexia, lethargy, muscle ataxia, motor control deficits, 
visual impairment, and convulsions preceding death have been linked to MeHg exposure 
(Wolfe et al. 1998). Recently, Krey et al. (2014) identified thresholds of Hg-associated 
neurotoxicity from the literature; in mammals, clinical signs, including anorexia, ataxia, 
convulsions, shuffling gait, recumbency, tremors, abnormal movements, and death, are 
normally observed at brain concentrations >6.75 mg THg/kg ww but have been identified at 
concentrations of >2 mg THg/kg ww in some studies. At the lowest threshold, at brain 
concentrations of >0.1 mg THg/kg ww, changes in behaviour, genetic or immune response, 
or electrical potential have been detected in several studies (Krey et al. 2014).
Modifications in brain chemistry have been linked to neurotoxicant exposure and often 
precede irreversible behavioural changes (Manzo et al. 1996). These neurochemical 
responses may be used as biomarkers to assess the health risk associated with Hg exposure in 
human and wildlife populations (Manzo et al. 1996). Several neurotransmitter systems have 
been found to be sensitive to Hg and MeHg exposure (Castoldi et al. 1996, Castoldi et al. 
2001, Chakrabarti et al. 1998) and modification in brain neurochemistry can affect behaviour 
negatively (Shih 2004, Wess 2004). Neurochemical responses to Hg exposure have been 
analyzed in a number of wildlife species in the past ten years. Higher Hg and MeHg levels 
correlate with the disruption of neurotransmitter systems, such as acetylcholinesterase 
(AChE) and monoamine oxidase (MAO) activity and muscarinic acetylcholine receptor 
(mAChR) and N-methyl-d-aspartate receptor (NMDA-R) binding in wild mink (Mustela
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vison), river otters (Lontra canadensis), and polar bears (Basu et al. 2005a, Basu et al., Basu 
et al. 2005b, Basu et al. 2007c, Basu et al. 2009). As well, in vitro dosing experiments have 
shown that Hg inhibits ligand-binding to mAChRs in isolated cerebellar membranes of 
ringed seals (Basu et al. 2006a).
Selenium (Se) binds with Hg, altering its toxicity in mammals (Ganther et al. 1972, 
Sakamoto et al. 2013, Zhang et al. 2013). Molar ratios of Se-to-Hg (Se:Hg) >1 are assumed 
to protect against Hg toxicity (Kehrig et al. 2013, Zhang et al. 2013). In ringed seal brain, the 
Se:Hg molar ratio was >1, which could protect them from direct Hg neurotoxicity (Krey et al. 
2014). However, the Se:total Hg molar ratio (mmol/kg) significantly decreased with 
increasing THg concentration (mmol/kg) (Krey et al. 2014), which could diminish its 
protective effect from Hg-associated toxicity at high brain Hg concentrations.
This study examined the relationships among THg, iHg, and MeHg concentrations, MeHg 
proportion, neurochemical markers, MAO activity, and binding to mAChR and NMDA-R in 
three brain regions of ringed seals collected from the central Canadian Arctic. We 
hypothesized that: 1) ringed seals in the Canadian Arctic are exposed to Hg concentrations 
associated with changes in neurochemistry in different brain regions; 2) Hg speciation has a 
role in association with neurochemistry in different brain regions; and 3) Se is protective 
against the effects of Hg.
5.3 Methods
Sample description
Ringed seal tissue was sampled during harvest activities with the support of the local
hunters and community organizations. Ringed seal heads (n=29 available for metal and
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neurochemical marker measurements) were collected in Arviat in 2007 (n=13), Uqsuqtuuq 
(Gjoa Haven) in 2008 (n=6), and Qausuittuq (Resolute) in 2008 (n=6) and 2010 (n=4) in 
collaboration with Environment Canada (Fig. 5.1). The heads were shipped on ice in a cooler 
and then stored frozen at -20°C. One tooth was removed for age determination, performed by 
Matson Laboratories, Milltown, MT, USA. Ages ranged from 0 (almost one) to 24 years old. 
The hunters determined the sex of the animals, identifying 14 females and 15 males, and 
measured the standard length, blubber thickness at sternum, and axial girth of each animal. 
Brain tissue was extracted in the laboratory. The brain stem, cerebellum, and frontal lobe of 
the left hemisphere were isolated, then stored at -80°C and used for the analyses.
Fig. 5.1 Sampling locations of the ringed seal heads.
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Metal analysis and Hg speciation 
The tissue samples for the THg, iHg, and MeHg analyses were freeze-dried before sample 
treatment.
Total Hg and Se analysis 
Total Hg and Se were measured as described previously (Chan et al. 1995, Krey et al. 
2014). Briefly, brain tissue was rinsed with acetone and digested with nitric acid (70%) and 
hydrochloric acid (30%). After stabilization with gold chloride, the samples were heated in a 
dry bath at 100°C for 7 hr. Hydrogen peroxide (35%) was added and the volume was made 
up to 50 ml with Nanopure water. Samples were analyzed using an inductively coupled 
plasma mass spectrometer (ICP-MS; Agilent Technologies™, 7500 CX). A certified standard 
reference material, dogfish (Squalus acanthias) liver (DOLT-4, National Research Council of 
Canada), and blank samples were measured with each batch for quality control. Values were 
blank-corrected and recovery-corrected if necessary.
Mercury speciation
The speciation measurement procedure was described previously by Krey et al. (2012). 
Briefly, iHg and MeHg were extracted from brain tissue using hydrochloric acid, 2- 
mercaptoethanol, and potassium chloride. Samples were analyzed with high performance 
liquid chromatography (HPLC) (Agilent 1200 series HPLC system, Agilent Technologies 
Canada Inc., Mississauga, Canada) connected to an ICP-MS (Agilent Technologies™, 7500 
CX). Fish protein homogenate (DORM-2, National Research Council of Canada), DOLT-4, 
and lobster hepatopancreas (TORT-2, National Research Council of Canada) were used as
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standard reference materials. If necessary, values were blank-corrected and recovery- 
corrected.
Neurochemical parameters 
The tissue preparation and neurochemical parameter analysis were performed as described 
previously (Krey et al. accepted). Brain tissue was treated as described by Stamler et al. 
(2005): brain isolates were prepared for the enzyme and receptor measurements by 
homogenizing ~1 g frozen brain tissue for 30 s in cold sodium/potassium (Na/K) buffer (10 
ml/g) using a tissue homogenizer. For the receptor analyses, the homogenate was centrifuged 
and washed twice with Na/K buffer before the final pellet was resuspended in Na/K buffer. 
For the enzyme analysis, the supernatant was used after the homogenate was sonicated for 30 
s in cold Na/K buffer and 0.1% Triton X-100 and centrifuged. Aliquots of both the receptor 
and enzyme preparations were frozen immediately in liquid nitrogen and stored at -80°C. 
Protein was quantified using Bradford's method using bovine serum albumin as the standard 
(Bradford 1976).
Receptor binding assays for mAChR and NMDA-R 
The receptor binding assays were adapted from protocols described by Stamler et al. 
(2005) and Ostertag et al. (accepted). Briefly, membrane fractions (30 pg protein) were 
suspended in buffer (mAChR in 50 mM sodium phosphate buffer, NMDA-R in Tris buffer 
(pH 7.4) containing 100 pM glycine and glutamate) and added to a microplate containing a 
1.0 mM GF/B glass filter (Millipore, Boston, USA). For the mAChR binding assays, the 
membrane protein was incubated with 0.3 nM [3H]-quinuclidinyl benzilate ([3H]-QNB) for
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30 min. Some wells were pre-treated for 30 min with atropine (100 pM) to determine non­
specific binding. For the NMDA-R binding assays, replicates of membrane fractions were 
incubated for 30 min in MK-801 (50 pM) to determine non-specific binding before a 120- 
min incubation at room temp with 3H-MK-801 (50 nM). Vacuum filtration ended the binding 
reactions and the filters were washed repeatedly with buffer. Then, the filters were soaked for 
48 h in 30 pL OptiPhase Supermix Cocktail (PerkinElmer). The radioactivity retained by the 
filters was quantified by liquid scintillation counting in a microplate detector (Wallac 
Microbeta, PerkinElmer) with a counting efficiency of approximately 40%. Specific binding 
was defined as the difference in radioligand bound in the presence and absence of the 
displacing ligands atropine and MK801, respectively. Binding to the receptor is presented in 
fmol per mg protein.
Enzyme activity assays 
The MAO activity analysis followed a protocol by Zhou and Panchuk-Voloshina (1997) 
modified by Stamler et al. (2005). Using tyramine as a substrate, MAO produces hydrogen 
peroxide in a reaction coupled with horseradish peroxide. Samples were diluted with Na/K 
buffer and added to a 96-well microplate. The reaction was started by adding 100 pl/well 
Na/K reaction buffer (100 pM 10-acetyl-3,7-dihydroxyphenoxazine (Amplex red), 2 U/ml 
horseradish peroxidase, and 4 mM tyramine). The Na/K buffer was used as a sample blank, 
and hydrogen peroxide was used as a positive control. Amplex Red served a as probe for 
hydrogen peroxide and the final product, Resorufin, was detected by its fluorescence using a 
Plate Chameleon Plate V 425-106 Multilabel Counter (Hidex, Mississauga, Canada). Enzyme 
activity is presented in Resorufin produced per pg protein per minute (Res prod/pg prot/min).
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Statistical analysis
Normality (Shapiro-Wilkinson test) and homoscedastieity (Levene’s or Bartlett’s test) 
were assessed using Stata 10.0. Correlations (Spearman) among Hg compounds and between 
Hg compounds and age, as well as differences in Hg compounds and neurochemical markers 
between males and females (Mann-Whitney-Test) were also tested using Stata 10.0. 
Differences in metal concentration between the three brain regions (Kruskal-Wallis and post- 
hoc multiple comparison test) and difference in age between the sexes (Kruskal-Wallis test) 
were tested with R 2.10.1. To examine possible effects of Hg compounds on MAO activity 
and binding to the receptors neurochemical markers, stepwise regressions (backwards) were 
performed after evaluation of collinearity by examining tolerance. Independent variables 
included in the regression models were the concentrations of THg, iHg, MeHg,Se, biodata 
(age, sex, standard length, blubber thickness at sternum, and axial girth), and sampling 
information (year and location of sampling). The regression models included THg+Se or 
iHg+MeHg+Se unless collinearity was detected. Collinearity was detected for standard 
length, axial girth, Se, MeHg, and iHg for the regression analysis of MAO variation in brain 
stem and these biodata, MeHg, and Se were consequently removed. Residuals were examined 
for normality (Shapiro-Wilkinson) and homoscedastieity (diagnostic plots, Cameron-Trivedi 
IM-test). Augmented partial residual plots were used to detect departure from linearity. 
Values of p<0.05 were regarded as significant.
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5.4 Results
Mercury concentration, Se:Hg molar ratio, and MeHg proportion 
There were significant differences in the THg concentrations and proportions of MeHg in 
the three brain regions (Table 5.1). The highest and lowest concentrations of Hg, MeHg, and 
iHg were found in the frontal lobe and brain stem, respectively (Table 5.1).
The concentration of THg correlated significantly with the concentration of MeHg, iHg, and 
Se:Hg molar ratio in all three brain regions (Table 5.2). The molar concentration of Se 
correlated positively with the molar concentration of Hg in the frontal lobe and brain stem 
but not in the cerebellum (Table 5.2).
Difference between sexes and correlation with age 
There were significant differences in the Se:Hg molar ratio (Chi2=6.2, df=l, p=0.01, 
median females: 12.7, males 5.6), MeHg concentration (Chi =5.6, df=l, p=0.02, median 
females 0.2, males 0.8 mg/kg dw), and percent MeHg (Chi2=9.1, df=l, p=0.003, median 
females 86%, males 93%) between males and females in the frontal lobe (14 females, 15 
males), but not in the other brain regions or between other variables. No significant 
differences were detected in any of the markers between males and females in any brain 
region. There was no significant difference in age (median 5 years) between the sexes (KW 
Chi2= 0.0483, df=l, p=0.826). Age correlated positively with THg and iHg in the frontal lobe 
(Table 5.3) but not in the two other brain regions when males and females were combined. 
Age correlated with NMDA-R (rs=-0.5, n=21, p=0.0198) and total MAO (TMAO) (rs=-0.48, 
n=24, p=0.0170) in the cerebellum but not in brain stem or frontal lobe.
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Relationship between neurochemical markers and Hg compounds 
In the frontal lobe, the variation in NMDA-R density was explained by the concentrations 
of MeHg (positive relationship) and iHg (negative relationship) combined (Table 5.4). The 
variation of binding to NMDA-Rs in the cerebellum was affected by the concentration of 
THg (negative relationship) and Se (positive relationship) combined.
Total MAO activity was explained by the concentrations of iHg and THg in the cerebellum 
(Table 5.4). When including Se in the regression model for THg in the cerebellum, only Se 
was significant (Table 5.4). The regression analysis for TMAO in the brain stem was 
performed on a low sample size and modified due to collinarity issues as described earlier. 
Inorganic Hg was found to have an effect on TMAO activity in the brain stem (Table 5.4).
None of the Hg compounds explained the variation of binding to the mAChR. Median, 
mean, standard deviation (sd), minimum (min), maximum (max) o f neurochemical 
parameters are listed in Table 5.5.
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Table 5.1 Total mercury (THg), methylmercury (MeHg) and inorganic mercury (iHg) concentrations [mg/kg dry weight (dw)], 
selenium-to-mercury (Se:Hg) molar ratio, and methylmercury proportion (MeHg %) in three brain regions: brain stem (n=17 for 
THg and Se:Hg mol, n=14 for iHg and MeHg); cerebellum (n=25); and frontal lobe (n=29) of ringed seals; sd: standard deviation, 
min: minimum, max: maximum
Brain stem Cerebellum Frontal lobe
median mean sd min max median mean sd min max median mean sd min max
THg* 0.15 0.37 0.48 0.05 1.78 0.34 0.68 0.60 0.07 1.89 0.28 0.61 0.58 0.06 2.08
Se:Hg 7.2 10.0 9.1 2.1 41.6 7.6 11.5 15.6 1.6 72.3 8.1 12.3 13.0 1.7 61.3
MeHg 0.15 0.33 0.34 0.03 1.19 0.30 0.65 0.59 0.06 1.88 0.33 0.58 0.54 0.01 2.12
iHg 0.00 0.06 0.10 0.00 0.33 0.04 0.07 0.07 0.01 0.29 0.03 0.07 0.09 0.01 0.40
MeHg(%)# 100.0 92.0 15.4 44.0 100.0 91.4 89.8 5.6 65.6 94.5 91.5 87.1 13.0 29.8 95.0
and the cerebellum (observed difference 15.68, critical difference 15.53).
# significant difference (Chi2=6.92, df=2, p=0.032) among the three brain regions as observed between brain stem and frontal lobe 
(observed difference 15.86, critical difference 15.41).
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Table 5.2 Correlation of total mercury (THg) with methylmercury (MeHg), inorganic mercury (iHg), proportion of MeHg, 
selenium (Se):Hg molar ratio, and molar concentration of Se in the brain stem (n=17 for THg and Se:Hg, n=14 for iHg and 
MeHg), cerebellum (n=25), and frontal lobe (n=29) of ringed seals. Only significant relationships are noted and the slope o f the 
correlated variables is indicated as either positive (+) or negative (-). Spearman's rank correlation coefficients are listed in 
brackets. Levels of significance: * p<0.05, **p<0.01, ***p<0.0001.
Brain stem Cerebellum Frontal lobe
THg (pg/g dw) +MeHg: (0.9091)*** +MeHg (0.9922)*** +MeHg (0.8072)***
+iHg (0.8404)** +iHg (0.9661)*** +iHg (0.7938)***
-MeHg% (-0.8383)** +MeHg% (0.5217)** not significant
-Se:Hg (-0.8392)** -Se:Hg (-0.875)*** -Se:Hg (-0.8187)***
THg (pM) +Se (pM) (0.59)** not significant +Se (pM) (0.37)*
I l l
Table 5.3 Correlation o f age with total mercury (THg), methylmercury (MeHg), and inorganic mercury (iHg) concentrations 
[mg/g dry weight (dw)], proportion of MeHg, selenium (Se):Hg molar ratio in three brain regions o f female and male ringed seals. 
Only significant relationships are noted and the slope of correlated variables is indicated as either positive (+) or negative (-). 
Spearman's rank correlation coefficients listed in brackets. Levels of significance: * p<0.05, **p<0.01, ***p<0.0001.
Brain stem Cerebellum Frontal lobe
Females Males Females Males Both Females Males
(n=6) (n=H) (n=10) (n=15) sexes (n=14) (n=15)
THg +(0.89)* - +(0.63)* - +(0.55)** +(0.84)** -
MeHg - - +(0.73)* - - +(0.76)* -
iHg - - +(0.78)** - +(0.44)* +(0.85)*** -
MeHg (%) - - - - - - -(-0.58)*
Se:Hg molar - - - - - -(-0.77)** -
ratio
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Table 5.4 Variation of total monoamine oxidase (TMAO) activity, muscarinic acetylcholine receptor (mAChR) and N-methyl-d- 
aspartate receptor (NMDA-R) binding in relation to total mercury (THg), methylmercury (MeHg), and inorganic mercury (iHg) 
concentrations (mg/kg dw), selenium (Se), biodata (age, sex, standard length, axial girth and blubber thickness at sternum), and 
sampling information (year and location of sampling) as determined by stepwise regressions (backwards). Only significant 
regressions are listed. The directions of the relationships (for metals only) are denoted as positive (+) and negative (-).
M arker
Brain stem
TMAO
Metals in iHg
regression
Cerebellum
TMAO
THg
TMAO
THg+Se
TMAO
iHg+MeHg
+Se
NMDA-R
THg+Se
adj. R^O.51, 
n=22,
F3,.8=8.28,
p=0.0011
Frontal lobe
NMDA-R
iHg+MeHg
+Se
adj. R^=0.62, 
n=l 5 , 
F 3,i6= 8 .75 , 
p=0.003
Model
THg
iHg
adj. R -0.95, 
n=7,
F4,2=28.72,
p=0.0339
adj. R -0.49, 
n=23,
F3,19=8.00,
p=0.0012
t=-2.36, p=0.03
adj. R -0.51, 
n=23,
F3>,9=8.61,
p=0.0012
adj. R"=0.42, 
n=20,
F 3,16= 5 .57 ,
p=0.008
t=-2.35, p=0.032
t=-6.93, p=0.02 t=-2.26, p=0.04 t=-4.1, p=0.002
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Brain stem Cerebellum Frontal lobe
M arker TMAO TMAO TMAO TMAO NMDA-R NMDA-R
Metals in iHg* THg THg+Se iHg+MeHg THg+Se iHg+MeHg
regression +Se +Se
MeHg +
t=4.13, p=0.002
Se
t=-2.58, p=0.02
+
t=2.26, p=0.04
Age t=6.99, p=0.02 t=3.92, p=0.001 t=3.59, p=0.002 t=4.26, p<0.001
Sex t=-4.36, p=0.049 t=3.49, p=0.002 t=2.11, p=0.049 t=-3.21, p=0.005
Blubber t=-8.21, p=0.015
thickness
Location t-3.35, p=0.004
Year t=-3.89, p=0.003
degression did not include standard length, axial girth, MeHg, or Se due to co-linearity issues.
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Table 5.5 Muscarinic acetylcholine receptor (mAChR) and N-methyl-d-aspartate receptor (NMDA-R) binding [fmol per mg 
protein] and total monoamine oxidase (TMAO) activity [Res prod/pg prot/min] in the brain stem (bs), cerebellum (cb), and frontal 
lobe (fr) of ringed seals; sd: standard deviation, min: minimum (min), max: maximum.
n
mAChR
median mean sd min max
NMDA-R
n median mean sd min max
TMAO
n median mean sd min max
bs 17 115 116 38 36 196 17 1702 1724 568 801 2812 13 109 109 45 36 165
cb 21 78 82 25 46 131 21 1583 1941 1002 671 3907 24 275 283 131 81 510
fr 25 213 221 51 146 345 16 2528 2467 563 1564 3369 29 95 97 63 11 297
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5.5 Discussion
The main finding from this study was that the concentrations of Hg compounds were 
associated with some alterations of the aminergic and glutamatergic neurotransmitter systems 
in at least one of the three ringed seal brain regions tested. Variations in NMDA-R density 
were associated with iHg and MeHg concentrations in the frontal lobe and THg and Se 
concentrations in the cerebellum. Total MAO was related to iHg concentration in the 
cerebellum and brain stem and to THg and iHg concentrations in the cerebellum. This is the 
first report of the relationship of neurochemical markerand Hg compounds in wild ringed seal 
brain.
Mercury speciation in brain tissue
Concentration o f Hg, Se:Hg molar ratio, and MeHg proportion
The concentrations of Hg were, with a maximum of 2.1 mg kg'1 dw in all three brain
regions studied, lower than measured in other marine mammals. The brain Hg concentration
of striped dolphins (Stenella coeruleoalba) from the Mediterranean was 3 to 186 (mean
49±57 (SD)) mg kg'1 dw (Capelli et al. 2000). As well, beluga whales (Delphinapterus
leucas) from the Canadian Arctic had higher brain THg concentrations (-median 7.7 mg/kg
dw calculated from ww) than ringed seals (Ostertag et al. 2013). In polar bear brain, mean Hg
concentrations were similar to those of ringed seals: 0.2870±0.07 mg/kg dw in the frontal
lobe and 0.2370±0.07 mg/kg dw in the cerebellum (Krey et al. 2012).
The brain Hg concentrations of ringed seals were low compared to the expected liver
values of these samples. The mean liver THg concentrations of samples from Arviat and
Resolute Bay were 18.67±0.98 and 10.91±0.57 mg/kg dw, respectively (Chetelat and Braune
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2012). This is 30 to 51 times higher than the lowest mean concentration in the brain of ringed 
seals, which is comparable to whales and other seals. In beluga whales, liver THg 
concentrations were -10  times higher than in the brain (Ostertag et al. 2013). The liver-to- 
brain ratio was 5:1 to 26:1 (n=3) in Risso’s dolphins (Grampus griseus) (Capelli et al. 2008) 
and 89:1 in southern fur seals (Arctocephalus pusillus) (Bacher 1985).
The proportion of MeHg in the brain varies greatly among species. In the ringed seal 
brains used for this analysis, MeHg comprised 30 to 100 % of the THg. In beluga whales, 
polar bears (Ursus maritimus), and Risso’s dolphins, the proportion of THg found as MeHg 
was 4 to 109% (Ostertag et al. 2013), 100% (Krey et al. 2012), and 8 to 51% (Capelli et al. 
2008), respectively. It has been demonstrated that MeHg demethylation occurs in the 
mammalian brain (Berlin et al. 1975a, Korbas et al. 2010, Syversen 1974, Thomas et al. 
1988, Vahter et al. 1995). Genetic factors might affect the toxicokinetics of Hg (Basu et al. 
2014). For example, mink (Mustela visori) and river otters (Lontra canadensis) occupy 
common ecosystems but seem to have different abilities to metabolize Hg in the brain. Mink 
are less capable of demethylating organic Hg and accumulating Se in the brain than otters 
(Basu et al. 2014). It is likely that genetic factors play an important role (Basu et al. 2014).
Two forms of Hg are found in the human brain: methylmercury cysteineate, which is 
mobile and toxic, and mercuric selenide, which is inert and considered nontoxic (Korbas et 
al. 2010). In beluga whale brain, the main form of monomethylmercury was methylmercuric 
cysteinate, while methylmercuric glutathionate was found in small amounts (Lemes et al. 
2011). The results also suggested the presence of an inorganic Hg-Se complex in beluga 
whale brain (Lemes et al. 2011). Methylmercury demethylation can be considered a 
detoxification process when iHg is bound to Se (Khan and Wang 2009, Korbas et al. 2010).
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Conversely, some neurochemical markers have been shown to be more susceptible to iHg 
than MeHg in dosing experiments (Basu et al. 2005c, Krey et al. accepted). If the iHg in 
ringed seal brain were bound to Se, a low proportion of MeHg would probably decrease 
neurotoxicity. In the brain stem, 100% of THg was MeHg was measured in 65% of the 
animals; however, the implications of this are unknown.
While the Se:Hg molar ratio, often 1, has been established for marine mammal liver tissue 
(Koeman et al. 1973), data for brain tissue are scarce. In mink and otter brain tissue, the 
Se:Hg molar ratios were 1 (Haines et al. 2010, Haines et al. 2004). The Se:Hg molar ratio 
was 5.6 in polar bear brain stem (Basu et al. 2009). In striped dolphins and captive bottlenose 
dolphins (Tursiops truncatus), the Se:Hg molar ratio in brain tissue was -1.85 and -2.96, 
respectively (Cardellicchio et al. 2002, Hong et al. 2012). The high molar excess of Se over 
Hg in the ringed seal brain could affect the neurotoxic effects of Hg, as a Se:Hg molar ratio 
of >1 has been suggested to protect from Hg intoxication (Kehrig et al. 2013, Zhang et al. 
2013).
Differences between males andfemales
In this study, the samples from females had a significantly lower MeHg concentration and 
lower proportion of MeHg in the frontal lobe than males. In previous studies, sex differences 
in brain Hg concentration have been inconclusive. For example, in rat brain, females have 
been shown to have higher Hg concentrations than males (Magos et al. 1981, Newland and 
Reile 1999), lower Hg concentrations (Munro et al. 1980), and similar concentrations 
(Gimenez-Llort et al. 2001).
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Studies on differences in Hg concentration in marine mammal brain between males and 
females are rare. No sex differences in mean THg and MeHg concentrations were found in 
the brains of pilot whales (Globicephela melaena) (Meador et al. 1993). In brain tissue of 
polar bears, no difference in Hg concentration was detected between males and females 
(Krey et al. 2012). To our knowledge, no comparison of brain Hg concentrations in male and 
female ringed seals has been published, but some comparisons are available on other organs. 
For example, male ringed seals from Holman Island had higher concentrations of MeHg in 
the kidney than females (Dehn et al. 2005). In ringed seal liver, the Hg concentration was 
higher in males than females (Young et al. 2010).
Reasons for sex-related differences in organ accumulation of Hg in ringed seals are 
speculative, but the variation could be connected to different food sources and toxicokinetic 
variances between the sexes. Different food sources for male and female ringed seals (Dehn 
et al. 2007, Holst et al. 2001, Labansen et al. 2007) might contribute to differences in the 
whole body burden of Hg. Ringed seals are generalist predators which choose prey based on 
availability, showing seasonal and locational differences in their diet (Labansen et al. 2011). 
Adult females have restricted mobility during pup rearing and feed on younger polar cod 
(Boreogadus saida) than adult males and juveniles (Labansen et al. 2007).
Furthermore, experiments have demonstrated sexual differences in Hg brain toxicokinetics 
in laboratory animals (Hirayama and Yasutake 1986, Nielsen and Andersen 1991b, Nielsen 
and Andersen 1991a, Pamphlett et al. 1997, Thomas et al. 1986, Thomas et al. 1987).
Male and female harbour seals (Phoca vitulina) excrete Hg via urine, feces, and transfer to 
hair, but males have been shown to sequester significantly more THg in hair than females 
(Brookens et al. 2007). In addition, females transfer Hg to their offspring, which results in
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lower THg concentrations in females than males (Brookens et al. 2007). In harp seals 
(Pagophilus groenlandicus), grey seals (Halichoerus grypus), harbour seals, and northern 
elephant seals (Mirounga angustirostris), mothers transfer Hg to their pups primarily during 
gestation and, to minor extent, during lactation (Brookens et al. 2007, Habran et al. 2011, 
Habran et al. 2013, Wagemann et al. 1988). The sex-dependent accumulation of Hg in brain 
tissue is complex and several parameters contribute to the differences between males and 
females.
Correlation with age
In the frontal lobe, age correlated positively with THg and iHg when males and females 
were pooled. In females, THg increased with age in all brain regions studied. Furthermore, 
there was a positive correlation of age with MeHg and iHg in the frontal lobe and cerebellum. 
The Se:Hg molar ratio decreased with age in the frontal lobe of females. In males, the 
proportion of MeHg correlated positively with age in the frontal lobe.
To our knowledge, no publications have compared THg with age in ringed seal brain. In 
this study, THg concentration was correlated with age, increasing in older animals. In beluga 
whale cerebellum, age correlated positively with THg concentration (Ostertag et al. 2013). 
Total Hg in brain tissue increased with age in bottlenose dolphins (Meador et al. 1999) and 
striped dolphins (Capelli et al. 2000). In ringed seal liver, THg (Smith and Armstrong 1978, 
Wagemann et al. 2000), iHg, and MeHg (Wagemann et al. 2000) correlated positively with 
age, while the proportion of MeHg in the liver decreased with age (Dehn et al. 2005). 
Dissimilarities in organ accumulation of Hg in ringed seals connected to age could be linked 
to different food sources and toxicokinetic variances in different age groups. Some studies on
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ringed seal diet have shown age-related differences (Holst et al. 2001, Labansen et al. 2007, 
Lowry et al. 1980), with juveniles feeding on a greater proportion of crustaceans than adults, 
who forage primarily on fish (Dehn et al. 2007, Labansen et al. 2007). Other studies have 
demonstrated differences between age classes dependent on the season (Chambellant et al.
2013). Adult ringed seals feed on a higher trophic level in summer, consuming more benthic 
prey than younger age classes who might be limited by diving ability and inexperience 
(Chambellant et al. 2013). Jin et al. (2007) showed that dietary fat could affect the kinetics of 
MeHg in rat brain tissue and different food sources related to age or sex might contribute to 
different fat intake and thus Hg kinetics. Moreover, differences in Hg toxicokinetics related 
to age (Hirayama and Yasutake 1986, Thomas et al. 1982) could affect Hg concentrations in 
the brain.
Association of Hg concentrations and neurochemical markers 
Variation o f NMDA-R
In ringed seal frontal lobe, NMDA-R density was associated negatively with iHg 
concentration and positively with MeHg concentration. Furthermore, variation in binding to 
the NMDA-R in the cerebellum was affected negatively by THg concentration and positively 
by Se concentration.
It has been shown that MeHg inhibits binding to the NMDA-R in membranes isolated 
from rat cerebral cortex in vitro (Rajanna et al. 1997). Furthermore, NMDA-R binding 
correlated negatively with THg and MeHg in the brain stem, cerebellum, and occipital lobe 
of wild mink (Basu et al. 2007c) and the brain stem of wild polar bears (Basu et al. 2009). In 
wild river otters (Dombos et al. 2013), THg correlated negatively to NMDA-R levels in the
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brain stem but not in the cerebellum or occipital lobe, despite similar mean Hg concentrations 
in these three brain regions.
Since NMDA-Rs are important in neurobiological processes, modification of NMDA-R 
binding by environmental contaminants is a concern. The NMDA-R is important in learning 
and memory and is essential in the induction, expression, and modulation of synaptic 
plasticity (Collingridge et al. 2004, Wojciech and Parsons 1998). For example, NMDA-R 
knockout mice showed deficits in motor activity and memory (Cheli et al. 2006, Mohn et al. 
1999).
The NMDA-R is one of three ionotropic glutamate receptors. It has the highest affinity for 
glutamate (Waxman and Lynch 2005), is one of the most common exciatatory 
neurotransmitters in the CNS (von Bohlen und Halbach and Dermitzel 2002), and is widely 
distributed throughout the CNS (Ozawa et al. 1998). Activation of the NMDA-R requires the 
simultaneous binding of glutamate and glycine, which causes its channel to open, allowing 
Ca+2 and Na+ ions to enter the cell (Waxman and Lynch 2005).
One known mechanism of Hg neurotoxicity is the inhibition of glutamate uptake by 
astrocytes (Aschner et al. 2000, Brookes 1992, Kim and Choi 1995). Methylmercury 
exposure results in a decrease in astrocytic glutathione levels and increase in synaptic 
glutamate levels, triggering activation of NMDA-Rs on neighboring neurons, which causes 
excitotoxicity (Aschner et al. 2007). Over-activation of NMDA-Rs results in an increased 
Na+ and Ca2+ influx into neurons, which is associated with the production of reactive oxygen 
species (Liu et al. 2013) and other mechanisms that can lead to cell death (Waxman and 
Lynch 2005).
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In one study, extended inhibition of glutamate reuptake increased the concentration of 
glutamate and reduced the expression of NMDA-R subunits at the messenger ribonucleic 
acid (mRNA) and protein levels (Cebers et al. 2001). These results suggest that post- 
transcriptional or post-translational regulation might be involved, because the reduction of 
receptor protein was considerably greater than the decrease of the corresponding mRNAs. 
Furthermore, the remaining NMDA-Rs might have changed functional properties after 
modification of their subunits (Cebers et al. 2001). Down-regulation of receptor proteins may 
protect the cell from overstimulation (Klein et al. 1989) and decreased NMDA-R density 
associated with Hg exposure is probably a mechanism to limit excitotoxic damage (Basu et 
al. 2007c). In contrast, increased binding to receptors could be caused by increased binding 
capability by altered subunit composition or increased density by up-regulation of NMDA-R 
mRNA. Up-regulation of the NMDA-R can be considered a compensatory mechanism to 
ensure homeostasis in glutamatergic transmission. Either a reduced release of glutamate or an 
increased reuptake of glutamate could lead to increased numbers or binding capability of 
NMDA-Rs. An increase in NMDA-Rs has been shown in human neuroblastoma cells 
exposed to MeHg (Ndountse and Chan 2008). In neonatal rats exposed orally to 
methylmercury chloride, the mRNA expression of the NMDA-R subunits NR2A and NR2B 
decreased, while NR2C increased in the cerebral cortex (Liu et al. 2009). An elevated 
expression of the NR2C protein has been linked to a deficit in long-term spatial learning 
ability in young rats (Bo et al. 2004).
Results in ringed seal brain do not only indicate an Hg-associated decrease in NMDA-R 
binding but also an increase. NMDA-R binding increased with increasing MeHg in the
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frontal lobe and Se in the cerebellum, but decreased with increasing iHg in the frontal lobe 
and THg in the cerebellum.
Effects on the glutamatergic system in the brain depend on the form of Hg. Inorganic Hg 
but not MeHg inhibited the NMDA-R binding in mink (Basu et al. 2007c). Furthermore, iHg 
lead to glutamate release at a lower concentration than MeHg (Fonfria et al. 2005) and was a 
more potent inhibitor of glutamate uptake than MeHg (Kim and Choi 1995). In contrast, 
Moretto et al. (2005) found that iHg and MeHg inhibited glutamate uptake with similar 
potency. Both MeHg and iHg inhibited the glutamate net uptake and decreased cell viability 
in rat brain; however, the organoselenium compound ebselen reverted the inhibition and 
decreased cell viability caused by MeHg but not Hg2+ (Moretto et al. 2005). The authors 
concluded that MeHg and Hg2+ act via distinct targets or pathways.
It is not known if Hg interacts directly with the NMDA-R, but NMDA-R activation 
contributes greatly to MeHg neurotoxicity (Juarez et al. 2005). Pretreatment with an NMDA- 
R antagonist can mitigate Ca2+ homeostasis dysregulation (Xu et al. 2013), disrupt other 
mechanisms (Juarez et al. 2005, Xu et al. 2012b)), and decrease cell death (Xu et al. 2012a, 
Xu et al. 2013, Xu et al. 2012b).
Xu and colleagues (Xu et al. 2012b) postulated that iHg might interact directly with the 
sulhydryl groups of the NMDA-R, modifying its function. Furthermore, they suggested that 
over-activation of the NMDA-R by Hg is the first step of iHg induced neurotoxicity.
While neurotoxicity caused by an excess of extracellular glutamate acting at the NMDA-R 
has been shown to be counteracted by the activation of metabotropic receptors in cerebral 
cortical cultures of mice (Koh et al. 1991), extended neurochemical disruption is expected to 
have energetic consequences to the whole organism (Basu et al. 2010).
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In ringed seal frontal lobe, iHg inhibited binding to the NMDA-R, while MeHg activated 
it. When demethylation occurs in the brain, the proportion of iHg increases and binding to the 
NMDA-R is expected to decrease. This is consistent with THg-associated NMDA-R 
inhibition in the cerebellum. Furthermore, Se activated the NMDA-R in ringed seal 
cerebellum when included in the model with THg.
There is evidence that several selenoproteins have antioxidant activities (Battin and 
Brumaghim 2009). Ebselen, an organoselenium compound, interacts directly as an oxidant 
with the NMDA-R redox modulatory site and protects against NMDA-R-mediated toxicity in 
cultured rat cortical neurons (Herin et al. 2001). Roos et al. (2009) showed that MeHg caused 
the production of reactive oxygen species in rat cortical slices through over-stimulation of 
NMDA-R. Furthermore, two organoselenium compounds prevented MeHg-associated 
hydrogen peroxide formation. Several mechanisms could be involved in the antioxidant 
effects of organoselenium compounds, including a possible direct modulation of the NMDA- 
R redox site by these organoselenium compounds (Roos et al. 2009).
There were differences among the three brain regions with regard to variations in NMDA- 
R binding. In ringed seal frontal lobe, increasing MeHg concentration was associated with an 
increase in NMDA-R binding and increasing iHg concentration was associated with a 
decrease in binding. In the cerebellum, increase Se concentration was associated with an 
increase in binding to the NMDA-R, while an increased THg concentration was associated 
with a decrease in binding. None of the Hg species explained binding to the NMDA-R in 
brain stem. The functional and structural properties of NMDA-R differ across brain regions 
(Ozawa et al. 1998); this may affect the interactions of Hg compounds with receptors and
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could explain differences among brain regions. Several mechanism might act together to 
modify NMDA-R binding.
Variation o f  MAO activity
In the cerebellum and brain stem of ringed seals, TMAO variation was related to iHg 
concentration. In addition, TMAO activity was affected by THg and Se concentrations in the 
cerebellum.
Inhibition of MAO activity was observed in rat brain after exposure to MeHg (Chakrabarti 
et al. 1998, Tsuzuki 1981). In wild river otters, MAO activity decreased with increasing Hg 
concentrations in the cerebrum but not the cerebellum (Basu et al. 2007b). A decrease in 
MAO activity was found in bats exposed to low levels of Hg, whereas an Hg-associated 
increase in MAO activity was found in bats (Myotis lucitugus) from a Hg contaminated site 
(Nam et al. 2012). A net increase of dopamine could be the effect of MAO reduction to 
maintain dopamine homeostasis (Nam et al. 2012).
Monoamine oxidase (MAO) is an enzyme (EC 1.4.3.4) that catalyzes the oxidation of 
monoamines such as dopamine and serotonin (5-hydroxytryptamine, 5-HT) in the brain and 
peripheral tissues. The two forms of the enzyme, MAO-A and MAO-B, are bound to the 
outer membrane of mitochondria. MAO-A is the main form in catecholaminergic neurons, 
while MAO-B is the most abundant form in serotonergic and histaminergic neurons and glial 
cells (Shih et al. 1999). MAO-A has a higher affinity for the substrates serotonin (5-HT), 
norepinephrine (NE), and dopamine, while MAO-B has higher affinity for phenylethylamine 
(PEA). In most species, dopamine can be oxidized by both forms (Shih et al. 1999). In the 
homeostasis of brain neurotransmitters, MAO is essential for regulating the neuroendocrine
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system (Bortolato and Shih 2011). Also, MAO function is crucial for regulating the 
intracellular redox state in neurons and other cells. Hydrogen peroxide, a byproduct of MAO- 
mediated reactions, can lead to the production of oxidizing species, which can harm 
mitochondria and cytoplasm. An excess of reactive oxygen species in the brain induces loss 
of neurons and glia (Bortolato and Shih 2011, Murphy and Kalin 1980).
Inhibition of brain MAO activity may lead to changes in neurotransmitter levels and other 
cellular functions, which have been linked to altered behavioural effects (Bortolato and Shih 
2011, Murphy and Kalin 1980). Genetic deficiencies in MAO activity have been associated 
with severe clinical disorders in humans, including mental retardation and alteration of 
aggressive behaviour (Bortolato and Shih 2011). As well, MAO is involved the reaction to 
stress and fear (Shih et al. 1999).
Studies on laboratory rodents showed that MeHg increased dopamine (Faro et al. 2003) 
and inhibited MAO activity (Chakrabarti et al. 1998). Also, iHg and MeHg inhibited 
reuptake of dopamine and norepinephrine in rat brain synaptosomes (Rajanna and Hobson 
1985). Inorganic Hg has been shown to decrease levels of noradrenaline, dopamine, and 5- 
hydroxytryptamine in various brain regions in different age groups in rats (Lakshmana et al. 
1993). However, the mechanisms of the Hg-mediated effects on the dopaminergic system are 
not fully understood.
It is likely that MeHg binds to cysteine residues of MAO. Monoamine oxidase has several 
cysteine residues required for proper enzymatic function (Hubalek et al. 2003) and binding of 
MeHg would result in interrupted structure and function (Gomes et al. 1976). Disruption of 
MAO activity could lead to a cascade reaction on dopaminergic signalling pathways. An 
increase or decrease of MAO activity might be a way to maintain dopamine homeostasis. In
127
wild river otters, there was no significant correlation between MAO activity and dopamine 
receptor 2 density, showing independent regulation after exposure to Hg (Basu et al. 2007b). 
A decrease of MAO activity was associated with an increase of THg in the cerebellum of 
ringed seals. In addition, a decrease in MAO activity was associated with increased iHg 
concentrations in the cerebellum and brain stem but not the frontal lobe. Differences in 
sensitivities of MAO activity to Hg exposure in different brain regions have been found 
previously. Basu et al. (Basu et al. 2007b) found a correlation of MAO activity with THg and 
MeHg but not iHg in the cerebral cortex of river otters, while they found no correlation in the 
cerebellum. Chakrabarti et al. (1998) found a difference in sensitivity of MAO activity to 
MeHg exposure in these three brain regions in rat, where: cortex>cerebellum>brain stem.
In ringed seal cerebellum, a decrease in MAO activity was associated with increasing Se 
concentration. Tang et al. (2008) demonstrated that dietary inorganic or organic Se decreased 
brain MAO-B activity in the brain of adult rats. Furthermore, dopamine turnover rate 
increased in rats fed a Se deficient diet (Castano et al. 1997). An increase in dopamine 
metabolism could lead to increased MAO activity and production of hydrogen peroxide, 
which, under Se-deficiency, could generate neuronal membrane lipid peroxidation and lead 
to neuronal damage (Castafio et al. 1997).
The findings show that Hg species and Se decrease MAO activity in ringed seal brain and 
this disruption of MAO could cascade down the dopaminergic signalling pathway.
Co-exposure with other contaminants potentially affecting neurochemical pathways 
Other contaminants besides Hg compounds have been detected in ringed seals (AMAP 
1998) and could theoretically affect the neurochemical markers measured. Published data on
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contaminant concentrations in ringed seal brain have not been found. Perfluoroalkyl and 
polyfluoroalkyl substances (Greaves et al. 2013), polychlorinated biphenyls (PCBs), 
polybrominated diphenylether (PBDEs), and pesticides have been detected in polar bear 
brain (Gebbink et al. 2007). For example, in vitro experiments have found that the NMDA-R 
has a role in PCB neurotoxicity (Ndountse and Chan 2009). However, in polar bear brain 
from Greenland, no correlations between several neurochemical markers, including MAO, 
mAChR, and NMDA-R, and several brominated and chlorinated organic compounds were 
found, suggesting that the measured receptors and enzymes are not susceptible to disruption 
by organohalogen compounds at concentrations observed in this study (Basu et al. 2009). In 
isolated cerebellar membranes of ringed seals, Hg but not organochlorines inhibited ligand- 
binding to the mAChR (Basu et al. 2006a).
Furthermore, lead exposure has been associated with the modification of NMDA-R (Lasley 
and Gilbert 1999, Lasley et al. 2001, Schneider et al. 2012, Toscano and Guilarte 2005). An 
up-regulation of NMDA-R binding sites could be a result of reduced release of glutamine 
associated with lead exposure (Lasley et al. 2001). Conversely, in isolated synaptic plasma 
membranes of rats, the NMDA-R was more sensitive to MeHg than lead exposure in an in 
vitro experiment (Rajanna et al. 1997).
However, the concentrations of other contaminants in these ringed seal brain samples are 
not available and possible associations with neurochemical markers in ringed seal brain 
remain hypothetical.
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Detoxification processes
In general, demethylation is regarded as an effective detoxification process, because iHg 
binds to Se to form a chemically and physically inert product in the brain (Korbas et al. 
2008). Selenium and iHg concentrations affected neurochemical markers in the ringed seals. 
As mentioned above, ringed seals are primarily exposed to MeHg, and iHg probably 
accumulates in the brain after demethylation. Therefore, factors affecting MeHg 
demethylation in brain tissue are important in understanding the risk associated with MeHg 
exposure.
Shapiro and Chan (2008) demonstrated in vitro that demethylation in rat astrocytes 
increased with oxidative stress. Consequently, increased oxidative stress caused by MeHg 
exposure (Farina et al. 201 la) could lead to demethylation. Therefore, individual and species 
differences in sensitivity to MeHg exposure could affect the rate of demethylation. 
Furthermore, certain gene variants can affect Hg toxicokinetics (Gundacker et al. 2010). 
Several genes are involved in the toxicokinetics of Hg, including: genes underlying 
glutathione function; proteins that bind and transport Hg (e.g., selenoproteins, 
metallothioneins); and xenobiotic transporters (e.g., multi-drug resistance proteins) (Basu et 
al. 2014). Polymorphisms in these genes could influence the absorption, distribution, 
metabolism, and elimination of Hg (Basu et al. 2014).
The results in ringed seal brain show that an increased concentration of iHg is associated 
with a decrease in MAO activity and NMDA-R binding; consequently, demethylation is 
detrimental in this regard. Also, an increased MeHg concentration is linked to activation of 
the NMDA-R and the rate of demethylation could affect this outcome.
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Moreover, the effect of Se is not fully understood. Selenium is believed to protect from 
Hg-associated toxicity (Zhang et al. 2013). Despite a molar excess of Se over Hg in the 
ringed seal brain, effects of THg, MeHg, and iHg concentrations on neurochemical markers 
were found. However, a higher Se concentration increased NMDA-R binding in the 
cerebellum and could offer some protection from Hg-mediated toxicity.
It has been suggested that the formation of the inert mercuric selenide occurs in marine 
mammals (Lemes et al. 2011, Wagemann et al. 2000). For example, mercuric selenide has 
been measured in the liver and brain tissue of striped dolphins (Nakazawa et al. 2011). 
However, the exact forms of Hg and Se have not been studied in ringed seal brain. Future 
studies should include analysis of inert Hg species to improve the understanding of the 
possible protective effect of Se from Hg-related toxicity.
In conclusion, the concentrations of Hg compounds in ringed seal brain were low 
compared to published data on concentrations in liver and kidney. As well, the proportion of 
MeHg was high and comparable to other mammalian species. Furthermore, Hg speciation 
has a role in the effects of Hg on neurotransmitter systems in different brain regions. There 
was a molar excess of Se over Hg; however, its protection from Hg-mediated neurotoxicity is 
not understood clearly.
The association of exposure to Hg compounds and neurochemical markers does not imply 
causality. However, there are indications that iHg, MeHg, and THg concentrations affect the 
aminergic and glutamatergic pathways in ringed seal brain. The implications of Hg- 
associated variation of neurochemical systems at the physiological or population levels for 
ringed seals remain unidentified. In addition to potential behavioural changes (Manzo et al.
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2001) cellular and biochemical alterations in wildlife associated with contaminant exposure 
could have energetic consequences (Rasmussen et al. 2008) because brain processes are 
metabolically costly (Aiello and Wheeler 1995). More research is needed to understand the 
complexity of signaling pathways and their interaction with Hg species in marine mammals. 
Given the importance of neurochemical pathways in animal health, the disruption of enzymes 
and receptors in the brain raises questions about the impacts of Hg on arctic marine 
mammals.
132
6 Relationship of Hg concentrations in brain, blood and liver of ringed seals {Pusa 
hispida) and the challenges of blood sampling for neurochemical analysis in the 
Arctic
6.1 Abstract
The ringed seal {Pusa hispida) is considered a good indicator species of mercury (Hg) 
accumulation in Arctic biota and plays an important role in the traditional life of Inuit in 
northern Canada. Mercury is toxic to the nervous system and the effects in Arctic wildlife are 
widely unknown. The relationship between two neurochemical markers, monoamine oxidase 
(MAO) activity and muscarinic acetylcholine receptor (mAChR) binding with Hg 
compounds has shown to correlate between blood and brain tissue of laboratory animals. 
Brain and liver tissue and blood samples from 15 wild ringed seals were collected in Resolute 
(Qausuittuq), Nunavut. Blood cells were isolated in a field station for analysis of MAO 
activity in platelets and mAChR binding in lymphocytes. Total Hg (THg), methylmercury 
(MeHg), inorganic mercury (iHg) and selenium (Se) were analyzed in all three tissues. The 
concentration of THg was highest in liver tissue (median 17.23 pg/g dry weight (dw), 27% 
MeHg) and lowest in whole blood (median 0.2 pg/ml, 96% MeHg) and was 1 pg/g dw 
(median; 92% MeHg) in brain tissue. Molar concentrations of Se and Hg correlated in liver 
tissue but not brain or blood. The highest Se:Hg molar ratio was found in whole blood 
(median 16) and the lowest in liver tissue (median 1.4) indicating a potential protection from 
Hg-mediated toxic effects. The THg, MeHg and iHg concentrations showed a significant 
linear relationship between blood and brain but not between blood and liver or liver and 
brain. The analysis of neurochemical markers in blood cells failed probably due to challenges
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with the collection and processing of wildlife samples in a remote location without proper 
laboratory setting. Neurochemical changes associated with Hg-exposure in blood cells could 
be used as less invasive biomarkers of early neurotoxicity in wildlife and could be valuable in 
environmental assessments.
6.2 Introduction
The accumulation of mercury (Hg) in the arctic ecosystem is a concern for the health of 
animal including humans (AMAP/UNEP 2013). Mercury has been found in many arctic 
species at concentrations exceeding human intake and wildlife toxicology guidelines (Chan et 
al. 2003, Hinck et al. 2006, Lockhart et al. 2005). Ringed seals (Pusa hispida) are considered 
a good indicator species of Hg accumulation in arctic biota because they feed at the top of the 
food chain and migrate less compared to several other marine mammal species in the Arctic 
(Wagemann et al. 1995). They are also an important as traditional food of Inuit (Borre 1991). 
The harvesting, processing, sharing and consumption of traditional foods contributes to the 
nutrition, identity, culture, and economy of individuals and communities in the Canadian 
North (Chan et al. 2006, Donaldson et al. 2010, Krai et al. 2011).
In ringed seals, Hg levels have increased 9- to 17-fold since pre-industrial times (Outridge 
et al. 2009) due to anthropogenic activities (Dietz et al. 2009). Furthermore, some 
subpopulations have shown an increase in Hg concentrations in the last decades (Aubail et al. 
2010, Braune et al. 2005, Riget et al. 2012). For example, increasing Hg concentrations in 
teeth were observed in ringed seals from both central west Greenland and central east 
Greenland between 1994 and 2006 and these changes were attributed to change in 
environmental Hg levels (Aubail et al. 2010).
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Gaseous elemental Hg or Hg(0), is emitted in industrialized areas and is transported to 
Arctic ecosystems through atmospheric processes. After oxidation Hg(0) can form reactive 
gaseous Hg(II) and particulate Hg(II) which is deposited to underlying surfaces, such as 
landscapes and water bodies (Kirk et al. 2012). Transport in and distribution within the 
Arctic also takes place via river discharge and ocean currents (Kirk et al. 2012). In the 
aquatic environment, inorganic Hg (iHg) can be converted by bacteria into methylmercury 
(MeHg) (Barkay et al. 2011, Pongratz and Heumann 1999) which has a high affinity for thiol 
compounds and thus accumulates in biota (Clarkson and Magos 2006).
Methylmercury bioaccumulates and biomagnifies in the food web (AMAP 2011, Booth 
and Zeller 2005) and marine mammals can accumulate high concentrations, particularly in 
liver and kidney. However, there is little information on mercury concentration in brain 
tissue. Recently, we reported Hg concentrations in ringed seal brains collected from Nunavut, 
Canada, ranging from 0.06 to 2.08 mg/kg dry weight (dw), and the proportion of MeHg, 95% 
in frontal lobe (n=29) (Krey et al. 2014). Demethylation has been shown to take place in 
brain (Vahter et al. 1995), kidney (Zalups 2000) and liver tissue (Wagemann et al. 1998) and 
enables the accumulation of iHg in mammalian organs (Pedersen et al. 1999, Rooney 2014, 
Wagemann et al. 1998, Zalups 2000).
The central nervous system (CNS) is one of the major targets of chronic MeHg toxicity 
and MeHg exposure has been linked to sensory and motor deficits and behavioural 
impairment (Clarkson and Magos 2006). In wildlife, anorexia, lethargy, muscle ataxia, motor 
control deficits, visual impairment, and convulsions preceding death have been linked to 
MeHg exposure (Wolfe et al. 1998). The adverse effects of chronic Hg exposure on the CNS 
of ringed seals have not been comprehensively studied.
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The main concerns regarding the role of contaminants on wildlife health are potential long­
term effects of chronic exposure. However, determining subtle health effects of 
environmental contaminants in Arctic wildlife is difficult because epidemiological studies 
rely on health effects that have already occurred in a population (Manzo et al. 1996).
Biomarkers of toxic effects provide the possibility of demonstrating an interaction between 
chemicals and biological systems. A biomarker is defined as “a change induced by a 
contaminant in the biochemical or cellular components of a process, structure or function that 
can be measured in a biological system” (WHO 1993). Neurotoxicant exposure may result in 
modifications of brain chemistry, which often occur before irreversible behavioural changes. 
Consequently, neurochemical responses may be used as biomarkers to assess the health risk 
caused by neurotoxicant exposure in human and wildlife populations (Manzo et al. 1996).
Neurochemical responses to neurotoxicant exposure have been measured in wildlife and it 
has been shown that iHg and MeHg exposure is associated with the disruption of 
neurotransmitter systems in both terrestrial and marine mammals (Basu et al. 2005a, Basu et 
al. 2007b, Basu et al. 2005b, Basu et al. 2007c, Basu et al. 2009, Krey et al. accepted).
Measurements of neurotransmitter systems involve sampling of brain tissue that is fatal to 
the animal being studied. Given the vulnerability of many marine mammal populations to 
disturbance, this approach may not be desirable from an ethical and practical standpoint 
(Fossi et al. 1999). However, marine mammals may be sampled following harvest activities, 
with the approval and in cooperation with Hunter and Trapper Associations/Organizations 
and Inuit hunters. However, for practical and financial reasons the access of brain tissue is 
not always feasible and fatal sampling should not generally be considered unless linked to
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subsistence hunting. Therefore, it would be preferable to use less invasive sampling methods, 
i.e. neurochemical markers in peripheral blood cells.
Changes in platelet MAO-B or lymphocyte mAChR may reflect enzyme and receptor 
changes in the CNS and could be a surrogate marker of neurotoxicity (Manzo et al. 2001). 
Cholinergic and dopaminergic systems in blood cells share a number of properties with 
tissues in the central nervous system. Previous research on laboratory animals has shown that 
methylmercury has the same effects on neurotransmitter systems in brain tissue and blood 
cells (Chakrabarti et al. 1998, Coccini et al. 2000). Chakrabarti et al. (1998) demonstrated 
that MeHg decreased MAO activity in brain synaptosomes and platelets in rats in vivo. An 
increase in mAChR density in lymphocytes preceded the same effect in different brain sites 
after oral exposure to MeHg in rats (Coccini et al. 2000). In contrast, no correlation was 
found between Hg concentration in blood and the levels of mAChR binding in lymphocytes 
and MAO-B activity in platelets of Faroese children (Coccini et al. 2009). Coccini et al. 
(2009) suggested that peripheral MAO-B and mAChRs may be not sensitive enough for 
assessing early effects of MeHg at low exposure levels. However, there was a significant 
negative association between platelet MAO-B activity and blood-Hg in a Canadian fish- 
eating population inhabiting the St. Lawrence River (Lake St. Pierre, Quebec) (Stamler et al. 
2006). In Canadian Inuit, reduced platelet-MAO activity was associated with increasing Hg 
concentrations in the blood of females (Shaw 2010). Confounding factors, such as genetic 
variability and epigenetic modifications, could affect background levels of these 
neurochemical markers (Beckmann and Lips 2013, Oreland et al. 2007, Shumay et al. 2012).
Liver tissue is often available through biomonitoring programs in the Canadian Arctic 
(Fisk et al. 2003) and could be a surrogate measure of Hg concentration in the brain if Hg
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concentrations in the liver correlated with concentrations in the brain of ringed seals. The 
liver to brain ratio of Hg in ringed seals has not been reported.
Mercury neurotoxicity have been shown to be modulated by selenium (Se) (Berry and 
Ralston 2008, Ganther et al. 1972, Ralston et al. 2008) and molar ratios of Se:Hg >1 are 
assumed to protect against Hg toxicity (Kehrig et al. 2013, Zhang et al. 2013). In ringed 
seals, the molar ratio of Se:Hg was reported to be >1 and could protect them from direct Hg 
neurotoxicity (Krey et al. 2014). The Se:Hg ratio should be considered when studying the 
neurotoxic effects of Hg (Zhang et al. 2013). The formation of inert mercuric selenide 
(HgSe) after demethylation of MeHg has been suggested for tissue of marine mammals 
(Lemes et al. 2011, Wagemann et al. 2000) and has recently been analyzed in liver and brain 
tissue of striped dolphins (Stenella coeruleoalba) (Nakazawa et al. 2011).
This study aimed to investigate the relationship between two neurochemical markers, 
MAO activity and binding to the mAChR, in brain tissue and blood cells, with Hg 
compounds in wild ringed seals. The intention was to explore a possible relationship of 
potential modifications of these markers by Hg compounds between blood cells and brain 
tissue. Furthermore, the study examined if total Hg (THg), iHg, MeHg concentrations, MeHg 
proportion and Se:Hg molar ratio were related in brain, blood and liver of wild ringed seals. 
The hypothesis is that modifications of the neurochemical markers can be associated with Hg 
exposure in brain tissue and blood cells; that modifications in blood and brain tissue are 
associated; and that concentrations of Hg compounds show a correlative relationship between 
blood and brain tissue.
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6.3 Methods
Sample description
Tissues from ringed seals (Pusa hispida) were sampled in cooperation with a local hunter 
during harvest activities with the support of the Qausuittuq (Resolute) Hunter and Trapper 
Organizations in Resolute Bay, Nunavut, Canada. Ringed seal brain, blood and liver tissues 
from 15 animals were collected in June 2010 in Resolute and Allen Bay. The lower jaw was 
taken for removal of one tooth for age determination (Matson Laboratories, Milltown MT, 
USA). Ages ranged from 0 (almost one year old) to 14 years (mean 3.3 years). The hunter 
determined the sex of the animals, identifying 7 females and 8 males, as well as the standard 
length, blubber thickness at sternum and axial girth.
Brain and liver samples
If the head was seriously damaged by bullet or bone fragments, brain samples were taken 
in the field. Effort was made to identify cerebrum (any lobe) and cerebellum and 
contamination with ice or blood was avoided. If the head was intact (n=4), the heads were 
stored at -20°C and the brain was extracted after return to the laboratory where brain areas 
were isolated. The area of cerebrum from intact heads used for analyses was determined 
randomly as the exact origin of the cerebrellar tissue samples in the field was unknown. 
Brain and liver samples were stored -20°C freezer and subsamples of brain tissue were 
stored in dry vapour shipper for neurochemical analysis (— 150°C) (model MVE XC20/3V).
139
Blood cell isolation
Blood sampling was conducted as soon as possible after the death of the animal using 
pulsing blood stream from shot wound, usually on head, neck or upper body. Blood from the 
first animal could only be taken from body cavity and was consequently only used for Hg 
analysis. Blood samples were sampled, avoiding contamination with blubber or tissue debris, 
into four to five vacutainer tubes containing ethylene diamina tetra acetic acid (EDTA)-K.2 
and gently inverted. The tubes containing blood were transported back to the field station 
within two to eleven hours on a snow mobile in a pocket of a survival suit (to avoid freezing) 
away from the body (to avoid heating). Blood samples can be stored in a stable environment 
for a short period of time (<12 hours); after that the red blood cells begin to lyse. At the 
indoor field station, the contents of several tubes were combined. Lymphocytes were isolated 
for analysis of mAChR and platelets for MAO-B. Some whole blood was kept for Hg 
measurements.
Lymphocytes were isolated based on the method by Boyum (1974) modified by Stamler et 
al. (2005). Briefly, blood samples (4 ml) were diluted 1:1 with balanced salt solution (BSS) 
(0.01% anhydrous D-glucose, 5 \xM CaC12, 98 \lM  MgC12, 0.54 mM  KC1, 14.5 mM  Tris 
base, 0.126 A/NaCl; pH 7.6). The diluted sample was carefully layered on 6 ml Ficoll-Paque 
Plus reagent (Amersham Biosciences, Brown Deer, WI), and then centrifuged at 400xg for 
40 min at room temperature (~19°C). The cloudy middle layer (buffy coat containing 
lymphocytes and platelets, ~2 to 3 ml) was carefully removed using a pipette. The cell layer 
was suspended in BSS (three times the volume of the cell layer = 6 to 9 ml) and centrifuged 
at 400xg for 15 min at room temperature. The platelet-rich supernatant was removed and the
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resulting lymphocyte pellet was washed, re-centrifuged, and re-suspended in 1.5 ml BSS and 
subsamples were stored in a fridge (4°C), in a freezer (-20°C) and in a dry vapour shipper.
Platelets for MAO analysis were isolated by centrifugation of whole blood (5 tolO ml) at 
200xg at ~1 to 4°C (outside). The platelet rich plasma (PRP) was transferred and the red 
blood cells (RBC) were set aside for later processing. The PRP was centrifuged at 3000xg for 
25 min at ~1 to 4°C (outside) and the supernatant (plasma) was set aside. The resulting pellet 
was re-suspended in 10 ml Na/K buffer (50 mA/NahhPO-j, 5 mA/KCl, 120 mMNaCl, pH 
7.4) re-centrifuged, finally suspended in Na/K buffer and stored in a fridge (4°C). 
Instruments for quality control of blood cell isolation such as a microscope or hemocytometer 
were not available at the field station. One to 10 ml of whole blood was transferred into an 
acid-rinsed glass tube and stored at -20°C for Hg measurements.
Transport of samples
During transport from Resolute to the laboratory in Prince George, BC, samples stored at 
4°C were transported in a foam cooler containing ice packs, samples stored at -20°C were 
transported in a cooler containing ice packs and ice and dry shipper samples were transported 
in the dry shipper. Upon arrival in the laboratory, 4°C samples were transferred to a fridge, 
-20°C samples into a -20°C freezer and dry shipper samples into a -80°C freezer.
Mercury and selenium concentration and mercury speciation 
Mercury compounds and selenium were quantified in whole blood, and freeze-dried brain 
and liver tissues. Generally, one replicate of each sample (up to 0.1 g freeze-dried sample or 
250 pi (MeHg and iHg) and 500 pi (THg and Se) for blood samples, which were additionally
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weighed) was analyzed and a few samples of each tissue were analyzed in triplicates as 
method control.
Total Hg and Se were analyzed using a method roughly following Chan et al. (1995). In 
order to avoid fat obstructing the instrumentation, dry samples were rinsed with acetone 
before acid digestion. Previous experiments using beluga whale brain have shown no 
difference in Hg concentrations between acetone treated and non-acetone treated samples 
(pers. comm. Sonja Ostertag). Furthermore, THg measurement after acid digestion using 
ICP-MS instrumentation and MeHg+iHg measurement by HPLC-ICP-MS were comparable 
for these brain samples. Samples were digested in concentrated nitric acid (4 ml) at room 
temperature overnight, covered with glass reflux bulbs. One ml of 30% hydrochloric acid 
was added and gold chloride (1 ppm) was used for stabilization. The tubes were heated in a 
dry bath at 100°C for 7 hours and then cooled to room temperature. Hydrogen peroxide 
(H2O2, 35%, 1 ml) was added and the volume of the digested sample was made up to 50 ml 
with Nanopure water. Samples were analyzed using an inductively coupled plasma mass 
spectrometer (ICP-MS; Agilent Technologies™, 7500 CX) (see Krey et al. (submitted) for 
details). DOLT-4 (Dogfish Liver Certified Reference Material for Trace Metals National 
Research Council of Canada) was used as certified standard reference material (SRM) and 
recovery was 85.9±0.1 (n=12). Values were blank-corrected if necessary and recovery- 
corrected.
Inorganic mercury and MeHg were analyzed with high performance liquid 
chromatography (HPLC) (Agilent 1200 series HPLC system, Agilent Technologies Canada 
Inc., Mississauga, ON, Canada) connected to an inductively coupled plasma mass 
spectrometer (ICP-MS; Agilent TechnologiesTM, 7500 CX). The method is described in
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more detail in Krey et al. (2012). The Hg compounds were extracted using hydrochloric acid 
(HCL), 2-mercaptoethanol and potassium chloride (KCL). After sonication and 
centrifugation the supernatant was decanted and the extraction was repeated. Fish protein 
homogenate (DORM-2, Dogfish Muscle Certified Reference Material for Trace Metals, 
National Research Council of Canada), DOLT-4 (Dogfish Liver Certified Reference Material 
for Trace Metals National Research Council of Canada) and lobster hepatopancreas (TORT- 
2, Lobster Hepatopancreas Reference Material for Trace Metals National Research Council 
of Canada) were used as SRMs. Recovery of MeHg in DORM(2) (n=3), DOLT(4) (n=2) and 
TORT(n=2) was 106, 114 and 104% respectively, recovery of £H g (MeHg+iHg) was 107, 
106 and 96%. Please note that £H g as measured by HPLC-ICP-MS is slightly higher for 
brain tissue and blood than THg measured by ICP-MS following acid extraction.
Analyses of MAO-B and mAChR 
Platelets can be stored in fridge (4°C) for up to 20-30 days for MAO analysis (Stamler et 
al. 2005). Binding to the mAChR decreased up to 40% compared to fresh samples when 
stored either at 4°C, -20°C or -80°C for up to 28 days (Stamler et al. 2005). The longest 
storage for these samples was 21 days from sampling until completed analysis. Platelet 
samples were centrifuged at 5000xg at 6°C for 4 min, the supernatant was discarded and the 
pellet re-suspended in 500 pi Na/K buffer. Lymphocytes samples (stored at 4°C and at 
-20°C) were centrifuged at room temperature at 400xg for 5 min and re-suspended in 500 pi 
Na/buffer. The protein concentration in platelet and lymphocyte samples was determined by 
the Bradford method (1976). The protein concentrations in both lymphocytes and platelet 
samples varied greatly.
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Measurement of MAO-B activity was attempted twice. Protein concentrations were low 
(0.9+/-0.8 mg/ml) but theoretically sufficient for MAO measurements. MAO activity was 
measured based on the method by Zhou and Panchuk-Voloshina (1997) with modifications 
by Stamler et al. (2005). After sonication on ice, diluted and undiluted samples were added to 
a 96-well microplate. Reaction was started with the addition of Na/K buffer containing 
Amplex red, horseradish peroxidase, and tyramine. Hydrogen peroxide (H2O2) is the reaction 
coproduct and can be detected by a horseradish peroxidase-coupled oxidation of Amplex red, 
forming the fluorescent product Resorufin. Fluorescence was measured by a fluorometric 
plate reader (Chameleon Plate V 425-106 Multilabel Counter (Hidex, Mississauga, ON, 
Canada)). Resorufin was used as standard, method blanks (Na/K buffer) and positive controls 
(H2O2) were included. Activity would have been presented in Resorufin produced per pg 
protein per minute (Res prod/pg prot/min).
Analysis of binding to the AChR in lymphocytes was attempted on the samples that 
showed any protein concentration (n=7, avrg. protein concentration 0.05+/-0.04 mg/ml) and 
followed Stamler et al. (2005). Protein concentrations were 1 to 56% of the recommended 
protein concentration. Receptor binding assays were performed using the radioligand [3H] - 
Quinuclidinyl benzilate ([3H]-QNB) which was quantified by a liquid scintillation counter 
(Plate Chameleon Plate V 425-106 Multilabel Counter, Hidex, and Mississauga, ON, 
Canada). Specific binding was defined as the difference in radioligand bound in the presence 
and absence of the displacing ligand atropine. Binding to the receptor would have been 
presented in fmol/ mg protein.
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The analysis of mAChR binding and MAO activity in cerebrellar tissue was planned to 
follow a protocol by Stamler et al. (2005) with modification for receptor binding by Ostertag 
et al. (accepted).
Statistical analysis
Normality (Kolmogorov-Smimov), homoscedasticity (Levene’s) and correlations (Pearson 
or Spearman) of the Hg compounds in the three tissues were assessed with the Statistical 
Analysis System (SAS) 9.1. (SAS Institute, Cary, NC, USA). In order to predict brain 
concentrations from other tissue linear regression including the examination of residuals was 
performed using SAS 9.1. Differences in Hg, MeHg, iHg and % MeHg between the tissues 
were examined using Wilcoxon rank sum test in R 2.10.1. A p-value < 0.05 was considered 
statistically significant in all analyses. If not otherwise indicated concentrations were 
reported in mean±standard deviation.
6.4 Results
Median THg blood concentration expressed per weight was 0.19 pg/g wet weight (ww). 
Blood density was approx. 1.065 g ml'1 (Table 6.1)
The relationship of Hg and age in ringed seal brain tissue is discussed in chapter 5.
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Fig. 6.1 Relationship between concentrations of total mercury (THg), methylmercury 
(MeHg) and inorganic mercury (iHg) ([pg/g dry weight (dw)] for tissues and [pg/ml] for 
blood) in brain, whole blood and liver of ringed seals (n=l 5). A: THg, B: MeHg, C: iHg; 1: 
liver and brain, 2: liver and blood, 3: brain and blood. A significant linear relationship of 
THg, MeHg and iHg in brain and blood was detected. Results from data analysis in table 6.2.
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Table 6.1 Concentration of total mercury (THg), methylmercury (MeHg), inorganic mercury (iHg), and proportion of MeHg, 
selenium:mercury molar ratio (Se:Hg molar ratio) in ringed seal (n=15) cerebrum, whole blood and liver from Resolute Bay, 
Canada (sampled 2010). Concentrations in pg g '1 dry weight for cerebrum and liver and in pg m l'1 for whole blood. Blood density 
was approx. 1.065 g m l'1. THg refers to total mercury measured by ICP-MS after acid digestion whereas £TH g is the sum of 
MeHg+iHg as determined by HPCL-ICP-MS after a mild mercaptoethanol extraction; sd: standard deviation, min: minimum, max: 
maximum.
Brain region median mean sd minimum maximi
Cerebrum 1.03 1.18 0.42 0.77 2.29
THg Whole blood 0.19 0.20 0.06 0.11 0.37
Liver 17.23 16.85 8.42 6.92 29.51
Cerebrum 1.00 1.14 0.47 0.52 2.30
MeHg Whole blood 0.23 0.25 0.09 0.14 0.49
Liver 3.88 3.99 1.22 2.15 6.71
Cerebrum 0.10 0.11 0.05 0.06 0.22
iHg Whole blood 0.01 0.01 0.004 0.01 0.02
Liver 4.48 5.29 2.38 1.89 9.10
MeHg %
Cerebrum 92.3 90.9 5.2 73.0 94.6
Whole blood 96.1 95.8 0.9 94.4 97.0
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Brain region median mean sd minimum maximum
Liver (from £Hg) 45.0 44.6 12.3 27.7 75.2
Liver (from THg) 26.8 28.8 15.4 12.9 73.8
Cerebrum 3.2 3.2 1.0 2.0 4.7
Se:Hg
Whole blood 15.8 16.2 5.1 7.2 25.7
molar ratio
Liver 1.38 1.47 0.42 1.09 2.72
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Table 6.2 Difference in total mercury (THg), methylmercury (MeHg), and inorganic mercury (iHg) concentrations, proportion of 
MeHg (% MeHg), and selenium-to-mercury (Se:Hg) molar ratio between tissues and inter-tissue correlation in ringed seals (n=15)
Blood-brain Brain-liver Blood-liver
THg MeHg iHg %
MeHg
Se:Hg THg MeHg iHg %
MeHg
Se:Hg THg MeHg iHg %
MeHg
Se:Hg
Difference *** *** *** ** *** *** *** *** *** *** *** *** He#* *** ***
Correlation *
rs=
0.61
*
rs=
0.54
*
r s ~
0.64
“ “ ** “ • * “ “ “
* p<0.01, **p<0.001, ***p<0.0001
Table 6.3 Relationship of total mercury (THg), methylmercury (MeHg), and inorganic mercury (iHg) in blood and brain of ringed 
seals (n=15)
THg MeHg iHg
Fan p, R2 F,.,3=24.19, p=0.0003, R2=0.65 Fi ,3=19.55, p=0.0007, R^=0.60 Fi j3=8.89, p=0.0106, R2=0.41
t»P t=4.92, p=0.0003 t=4.42, p=0.0007 t=2.98, p=0.0106
equation THg(brain)=0.08+4.53*THg(blood) MeHg(brain)=0.09+4.28*MeHg(blood) iHg(brain)=0.02+8.31 *iHg(blood)
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Please note that MeHg+iHg (£Hg) extracted using mercaptoethanol and analyzed by HPLC- 
ICP-MS compared to THg analyzed by ICP-MS after acid digestion were 65% for liver 
tissue, 108% for brain tissue and 131% for whole blood. Whereas the low proportion 
detected in liver tissue could be related to analytical error it could more likely be caused by 
forms of Hg that were not captured using the mercaptoethanol extraction method. Similar 
findings were reported for liver tissue by Woshner et al. (2001b). When calculated as a 
proportion of £Hg, they found MeHg in liver tissue accounted for 14.2% whereas when 
calculated as proportion of THg 7.4% was MeHg (Woshner et al. 2001b). For mercury 
compounds that are strongly bound to protein only high concentration of acid should be used 
for efficient extraction (Wang et al. 2007) and additional procedures when using 
mercaptoethanol are necessary to extract mercuric selenide (HgSe) (Ikemoto et al. 2004, 
Nakazawa et al. 2011). In whole blood the proportion of MeHg of THg exceeded 100% 
(versus 96% MeHg of £Hg) and in brain tissue it was 99% (median, versus 92% MeHg of 
IH g).
There was a significant difference between liver and brain, brain and blood and blood and 
liver in THg, MeHg, and iHg concentrations, proportion of MeHg and Se:Hg molar ratio 
(Table 6.2).
The concentrations of the Hg compounds were positively correlated between brain tissue and 
whole blood but not between brain and liver or blood and liver (Table 6.2). There was a 
significant linear relationship of THg, MeHg and iHg concentrations in blood and brain 
tissue (Table 6.3). The proportion of MeHg and the Se:Hg molar ratio did not correlate 
between tissues. Molar concentrations of Se correlated with molar concentrations in THg in 
liver tissue (rs=0.925, p<0.005) but not in blood or brain.
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Measurements of MAO-B activity in platelets and binding to the mAChR in lymphocytes 
did not yield in results and consequently the analysis of markers in brain tissue was not 
attempted.
6.5 Discussion
The main finding of this study was that the THg, MeHg, iHg concentrations, proportion of 
MeHg and the Se:Hg molar ratio of wild ringed seals were significantly different between 
blood, brain and liver and that concentrations between blood and brain had a significant 
linear relationship. The concentrations in tissues and correlations will be compared to other 
species and possible implications for neurotoxicity will be discussed. However, species, 
spatial and temporal comparisons of Hg tissue concentrations should be considered with 
caution and concentrations are only used to show an indication of ranges.
Concentration of THg
Blood concentrations of THg were low compared to liver and brain tissue. Similar to the
ringed seals from this study, one ringed seal blood sample from northern Canada had
concentrations of 0.11 mg/kg ww (Laird et al. 2009). In blood from harbour seals (Phoca
vitulina) from the North Sea the concentration was 0.172±0.143 pg/ml (n=22) (Das et al.
2008) and in harp seals (Phoca groenlandica) from the northwest Atlantic the blood
concentration was 0.08±0.04 pg/ml (n=6) (Ronald et al. 1977). In beluga whale
(Delphinapterus leucas) whole blood the median concentration was 0.2 (range 0.077-0.515)
pg/ml (Ostertag et al. 2013). In bottlenose dolphins (Tursiops truncatus) concentration of
THg in whole blood was 0.55±0.33 pg/g. The THg concentration in polar bear (JJrsus
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maritimus) whole blood ranged from 0.007 to 0.213 (median 0.052) pg/g ww (Cardona- 
Marek et al. 2009). The reported Hg concentrations in blood of marine mammals seem 
generally low (<1 pg/g ww) compared to other tissues.
In ringed seals from Resolute, the highest concentration of THg was found in liver tissue. 
Mercury concentrations in the liver of ringed seal vary spatially (Riget et al. 2005) and 
temporally (Braune et al. 2005, Fisk et al. 2003). The mean concentration of THg in liver 
samples were 18.67±0.98 mg/kg dw in Arviat and 10.91±0.57 mg/kg dw in Resolute Bay 
(Chetelat and Braune 2012). Concentrations of THg in the liver of ringed seals from the 
western and eastern Canadian Arctic ranged from 0.54 to 137 pg/g ww (-1.9 to 472 pg/g dw) 
and 0.09 to 150 pg/g ww (-0.5 to 514 pg/g dw) (Wagemann et al. 1998). Ringed seals (mean 
4.37 pg/g ww) had significantly lower hepatic Hg than harbour seals (39.6 pg/g ww) and 
bearded seals (Erignathus barbatus) (24.07 pg/g ww) (Young et al. 2010). Median 
concentration of THg in beluga whale liver was -73.46 pg/g dw (converted from ww) 
(Ostertag et al. 2013). Total Hg concentrations in the liver of polar bears from Alaska ranged 
from 3.5 to 99 pg/g dw. There is a wide range of reported liver concentrations among marine 
mammals and within species and concentrations in ringed seal liver are lower than in beluga 
whales and polar bears but comparable to other pinniped species.
Few results have been available for brain tissue of Arctic marine mammals. Total Hg 
concentrations of 0.16 mg/kg ww have been reported in one ringed seal brain from northern 
Canada (Laird et al. 2009). In ringed seal brains (n=13) from the Norwegian coast Hg levels 
up to about 0.67 mg/kg ww have been reported by Skaare et al. (1994). Again, these results 
should not be spatially or temporally compared. In the temporal lobe of beluga whales up to 
22.6 mg/kg ww were detected (Ostertag et al. 2013). The Hg concentration in the brain tissue
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of striped and Risso’s (Grampus griseus) dolphins from the Mediterranean was 3 to 186 
(mean 49+/-57 (SD)) mg/kg dw and 4 to 141 mg/kg (n=3), respectively (Capelli et al. 2008, 
Capelli et al. 2000). Stranded animals do not necessarily reflect a healthy condition and Hg 
concentrations in old or sick animals might not provide a good indication of Hg 
concentration in the population (pers. comm. Peter Ross). Whereas these cetaceans have 
higher Hg concentrations in the brain, polar bears from the eastern Canadian Arctic had 
slightly lower concentrations than ringed seals (0.28±0.07 mg/kg dw) (Krey et al. 2012).
Proportion of MeHg
There are no reports on the proportion of MeHg in the blood of wild ranging ringed seals. 
In grey seals experimentally exposed to MeHg 95 to 97% (n=3) of the THg in whole blood 
was MeHg (Van de Ven et al. 1979). The proportions of MeHg in the blood in two 
populations of bottlenose dolphins from Florida were approximately 57% and 71% (Stavros 
et al. 2008). In another study on the same species also from Florida ~96% of the THg in 
blood was MeHg (Woshner et al. 2008). In blood from beluga whales from the western 
Canadian Arctic, MeHg contributed to -93%  of the THg (Frouin et al. 2012). The proportion 
of MeHg in ringed seals was similar to the latter two reported values in cetaceans.
Mercury concentration in blood has been suggested to reflect recent diet in bottlenose 
dolphins (Correa et al. 2013, Hong et al. 2012, Woshner et al. 2008) and the same can be 
assumed for ringed seals. Campbell et al. (2005) analyzed THg and MeHg in an Arctic 
pelagic foodweb and observed varying proportions of MeHg ranging from 7.5 to 100% in 
zooplankton and 100% (whole organism) in Arctic cod (Boreogadus saida). Amphipods and
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cod are the preferred diet of ringed seals (Holst et al. 2001) and their high proportion of 
MeHg is probably reflected in ringed seal blood.
In ringed seal liver sampled near Holman Island the proportion of MeHg was 
5.89+/-2.29% (Smith and Armstrong 1978). In ringed seals from the Canadian Arctic 2.7% 
MeHg (Wagemann et al. 1998) and from Alaska 10.8% (range 1.1 to 25.4%) of the hepatic 
THg was MeHg (Woshner et al. 2001a). In beluga whales from the Western and Eastern 
Canadian Arctic the proportion of MeHg was 5.9% and 11.7% respectively and in narwhal 
(Monodon monoceros) from the Eastern Canadian Artie 9% (Wagemann et al. 1998). 
Furthermore, 5.5% of the THg in polar bear liver was MeHg (Woshner et al. 2001a). The 
proportion of MeHg in liver tissue of marine mammals seems to be similar across species.
In previous studies, MeHg made up 2%, organic Hg other than MeHg 4%, inorganic Hg 
42% and insoluble mercury, believed to be mercuric selenide HgSe, 53% in liver tissue of 
ringed seals from the Canadian Arctic (Wagemann et al. 2000). Similar observations have 
been made in dolphin liver (Kehrig et al. 2008). The difference observed in this study 
between THg and £Hg is likely Hg that could not be extracted by mercaptoethanol and could 
be mercuric selenide.
In this study, the hepatic proportion of MeHg was with a median of 27% higher than 
values previously reported in ringed seals. One animal had 74% MeHg in liver tissue and can 
be considered an outlier (value more than 1.5 times larger than the interquartile range); this 
animal was the oldest in the study (14 years) but not old compared to the total lifespan of 
ringed seals (up to 45 years (Lydersen and Gjertz 1987)). The second oldest seal (12 years) 
had the second highest proportion of MeHg (42%) in liver tissue. Several studies showed a 
positive correlation between THg or MeHg and age in seal liver (Dehn et al. 2005, Dietz et
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al. 1990, Wagemann et al. 2000, Woshner et al. 2001a) which could be the result of an 
continuous uptake of MeHg via diet, slow elimination, or storage of THg (Dehn et al. 2005). 
Demethylation of MeHg and storage of inert HgSe in the liver of ringed seals is believed to 
be a detoxification mechanism (Ikemoto et al. 2004, Wagemann et al. 2000). However, the % 
MeHg in the liver of ringed seals decreased with age in ringed seals: at ~5 years the 
proportion of MeHg in liver declined to a minimum and stayed quite constant (-5%) with 
increasing age (Dehn et al. 2005). Consequently, a lower proportion of MeHg would have 
been expected in the 14 year old animal in this study. Dehn et al. (2005) found hepatic 
lesions in animals with a higher relative % MeHg in liver tissue. An elevated proportion 
MeHg could suggest that these seals had limited demethylation capability or that the 
underlying physiological detoxification processes were modified (Dehn et al. 2005). No 
obvious signs of sickness have been observed in the animals with unusual high % of MeHg 
in the liver in this study. However, these animals and others with relatively high proportion 
of MeHg in the liver could have a reduced ability to demethylate Hg in liver tissue.
On the other hand, ringed seals have large variations in prey sources among individuals 
(Carroll et al. 2013) and between years (Carroll et al. 2013, Ferreira et al. 2011) which could 
affect Hg concentrations (Ferreira et al. 2011) and MeHg proportion in tissue. Dehn et al. 
(2005) found relatively high proportions of MeHg in the liver of ringed seals from Alaska 
(range 0.56 to 59.03%) and spotted seals (Phoca largha) (range 7.12 to 51.87%), compared 
to ringed seals from Holman Island (range 0.6 to 17.65%) and bearded seals (range 0.19 to 
13.91%). They stated that the percentage of MeHg might be a better indicator for piscivory 
than THg alone (Dehn et al. 2005). The high proportion of MeHg in some of the seals from 
Resolute could be the result of an exclusive diet of fish in these individuals.
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Furthermore, genetic and epigenetic factors can affect the toxicokinetics o f Hg (Barcelos et 
al. 2013, Basu et al. 2014) and the genetic background could clarify some of the individual 
differences in toxicokinetics and vulnerability towards Hg toxicity (Gundacker et al. 2010).
Previously, the proportion of MeHg in brain tissue has been shown to be 100% for polar 
bear (Krey et al. 2012), 4 to 109% for beluga whale (Ostertag et al. 2013) and -90%  for 
ringed seal (Krey et al. 2014). The proportion of MeHg in the brain of mammals varies 
greatly. In sledge dogs aged 10 to 15 years, organic Hg accounted for 54% of the total Hg in 
the brain (Hansen and Danscher 1995). In brain tissue of wild river otters (Lontra 
canadensis) 82% of the THg was organic Hg and in wild mink {Mustela vison) 98% (Haines 
et al. 2010). In the brain of one adult female bottlenose dolphin from the Mediterranean 81% 
MeHg were reported (Storelii and Marcotrigiano 2000). Ringed seal samples from this study 
are in the upper range of MeHg proportions reported from marine mammals with the 
exceptions of polar bear brain in which 100% MeHg were detected (Krey et al. 2012). It has 
been shown that demethylation of MeHg takes place in the brain of mammals (Berlin et al. 
1975a, Korbas et al. 2010, Syversen 1974, Thomas et al. 1988, Vahter et al. 1995). 
Consequently, inorganic Hg accumulates in the brain (Pedersen et al. 1999, WHO 1990). 
Inorganic Hg is thought to form inert complexes with Se (Khan and Wang 2009, Korbas et 
al. 2010), thus demethylation is considered a detoxification process. However, the effects of 
limited demethylation in ringed seal and polar bear brain are not known.
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Selenium :mercury molar ratio
The Se:Hg molar ratio in blood has not been reported for ringed seals. The Se:Hg molar 
ratio in lactating fur seals ranged from 5 to 12 (Habran et al. 2011). In beluga whale (Frouin 
et al. 2012) and pilot whale (Globicephala melaena) (Nielsen et al. 2000), the Se:Hg molar 
ratios in whole blood were -5.45 and -10, respectively. The Se:Hg molar ratio in sperm 
whale (Physeter macrocephalus) whole blood ranged from 0.7 to 2.9 (Nielsen et al. 2000). In 
different populations of bottlenose dolphins Se:Hg molar ratios ranged from of 3.7 to 18 
(Stavros et al. 2008) and from 1.7 to 15.5 (Correa et al. 2013) were reported. In polar bear 
blood, the Se:Hg molar ratio reached up to 19 (Knott et al. 2011). The Se:Hg molar ratio in 
ringed seals is in the same range as reported for other marine mammals. There was no 
correlation of Se and Hg concentrations in the blood of ringed seals. A positive correlation of 
Se and Hg was found in blood of one population of bottlenose dolphins but not in another 
(Correa et al. 2013) and not in sperm whales (Nielsen et al. 2000). In bottlenose dolphins the 
Hg concentration in blood has been proposed to be linked to recent diet, whereas Se is 
affected by additional processes, which maintain the function of biomolecules containing 
selenol (Correa et al. 2013). The Se:Hg molar ratio in ringed seal blood does not reflect that 
of their prey as the main food items have much higher whole body Se:Hg molar ratios, 
Arctic/Polar cod (Boreagadus saida) (-200) (whole organism), Parathemisto libellula (-600) 
and other zooplankton (-900) (Campbell et al. 2005). However, there is still a great molar 
excess in ringed seal blood even if not as high as in their prey.
The Se:Hg molar ratio was 11.72±13.91 in ringed seal liver from Barrow, Alaska and 
1.74±1.08 in ringed seals from Holman Island (Dehn et al. 2005). The molar concentrations 
of Se and Hg were almost equal in ringed seal and bearded seal liver from the Canadian
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Arctic (Smith and Armstrong 1978). In bearded seals and spotted seals the molar ratios of Se 
to Hg were 5.48±3.95 and 12.92±3.97, respectively (Dehn et al. 2005). In liver tissue of 
striped, bottlenose, and Risso’s dolphins, sea lion (Otaria byronia), and Northern fur seal 
(Callorhinus ursinus) the Se:Hg ratio was <1 (Ikemoto et al. 2004, Nakazawa et al. 2011, 
Nigro and Leonzio 1996), in Dali’s porpoise (Phocoenoides dalli) 2.5 (Ikemoto et al. 2004) 
and in polar bear 1.14±0.272 (Dietz et al. 2000b). The Se:Hg molar ratio seems to be higher 
in ringed seals than other marine mammals.
The correlation of Se and Hg in liver tissues of marine mammals has widely been 
documented and has been shown in this study. A correlation of Se and Hg was found in 
harbour seals, one species of porpoise and several dolphin species liver tissue (Koeman et al. 
1973). In ringed seals and bearded seal from the Canadian Arctic the concentration of Se and 
Hg in liver tissue were correlated (Smith and Armstrong 1978). This was confirmed in ringed 
seals from Alaska (Dehn et al. 2005, Woshner et al. 2001a) and Holman Island (Dehn et al. 
2005).
A Se:Hg molar ratio of 1 would indicate that almost all accessible Se is bound to Hg and a 
Se:Hg molar ratio <1 could increase the risk of Hg toxicity (Zhang et al. 2013). Selenium is 
part of the glutathione peroxidase system that is involved in scavenging free oxygen radicals 
and is consequently required in diving marine mammals to cope with oxidative stress 
(Zenteno-Savin et al. 2002). Ringed seals from the Baltic did not experience contaminant- 
induced oxidative stress, probably because their adaptation to dive may contribute to the 
resistance of oxidative stress (Kanerva et al. 2012). However, the study did not look into Hg 
concentration or Se:Hg molar ratios.
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Whereas the Se:Hg molar ratio has been long reported for marine mammal liver tissue 
(Koeman et al. 1973) reports on brain tissue are less common. In mink and otter brain the 
molar ratio of Se:Hg was stated to be 1 (Haines et al. 2010, Haines et al. 2004). The Se:Hg 
molar ratios were ~1.85 and -2.96 in brain tissue of striped and captive bottlenose dolphins, 
respectively (Cardellicchio et al. 2002, Hong et al. 2012). In polar bear frontal lobe the 
median molar ratio of Se:Hg was 6 (Krey et al. 2014) and in polar bear brain stem from 
Greenland the ratio was 5.6±2.8 (mean±sd) (Basu et al. 2009). Selenium has been associated 
with a decrease in neurotoxic effects of Hg exposure in rats (Ralston et al. 2008) and a molar 
ratio of Se:Hg of >1 can protect from Hg-associated effects (Kehrig et al. 2013, Zhang et al. 
2013). The great molar excess of Se over Hg in these ringed seal brains could reduce or 
modulate the neurotoxic effects o f Hg.
An inorganic Hg-Se complex has been suggested in beluga whale brain (Lemes et al. 2011) 
and found in striped dolphin (Nakazawa et al. 2011). If the unidentified fraction of Hg in 
liver tissue detected in this study was de facto HgSe there is either very limited amount of 
HgSe in brain tissue of ringed seals or it has different properties from HgSe in liver tissue as 
it has not been extracted. With the available data in ringed seal brain this cannot be verified, 
though, and further studies are warranted.
Organ distribution
The brain to blood ratio of THg for ringed seals ranged from 3.9 to 8.5. The brain to blood 
ratios (on a ww basis) vary greatly between species: 0.06 to 0.08 in rat, 0.4 to 0.7 in cat, 2.8 
in dog, 2 to 10 in monkeys and 3 to 30 in humans (reviewed by Omata et al. (1986)). The
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concentration in brain tissue of beluga whales was -9.2 times higher than in whole blood 
(Ostertag et al. 2013).
The liver to blood ratio of THg ranged from 36 to 167 in ringed seals. In hamster and rats 
experimentally exposed to multiple doses of MeHg the ratio was 5.46±0.79 and 0.212, 
showing a large difference between these two rodents (Omata et al. 1986). In beluga whales, 
the concentration in liver tissue was -95.5 times higher than in blood (Ostertag et al. 2013).
The concentrations in liver tissue were 5.6 to 33 fold higher than in brain tissue and 
comparable to other marine mammals. In grey seals (Halichoerus grypus), Holden (1978) 
showed a liver to brain ratio of -53 and Freeman and Home (1973) reported a ratio o f -10. In 
beluga whale, THg concentrations in the liver were ~10x higher than in the brain (Ostertag et 
al. 2013). The liver to brain ratio was 5 to 26 (n=3) in Risso’s dolphin (Capelli et al. 2008) 
and 89 in Southern fur seals (Arctocephalus pusillus) (Bacher 1985). There was -19  times 
more Hg in the liver than in the brain of sledge dogs dietary exposed to MeHg (Hansen and 
Danscher 1995).
Interspecies differences in respect to Hg distribution among organs are well known 
(Clarkson and Magos 2006) and the reasons of these differences are still not completely 
understood. The uptake from the diet, different levels of accumulation and excretion, and 
storage of Hg compounds may play a role in species differences.
Inter-tissue relationships
Whereas inter-organ correlations between kidney, muscle and liver are occasionally 
reported for mammals (Dietz et al. 1995, Hansen and Danscher 1995); correlations between 
blood, liver and brain are rare. In bottlenose dolphins there was a correlation of the
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concentration of MeHg in brain and liver tissue (Meador et al. 1999). Also, there was a 
significant correlation between hepatic and cerebellar THg concentrations in humans (Hac et 
al. 2000) and beluga whales (Ostertag et al. 2013). There was no correlation between brain 
and liver Hg concentrations in Baikal seals (Pusa sibirica) (Li 2013) but in harbour seal pups 
(Brookens et al. 2008). Ostertag et al. (2013) found a significant correlation of cerebellar Hg 
with blood and liver concentrations in beluga whales. In humans, there was a significant 
correlation between MeHg but not iHg in blood and occipital cortex (Bjorkman et al. 2007).
In these ringed seals, there was a positive correlative relationship of blood and brain 
concentrations of THg, MeHg and iHg but not between brain and liver or blood and liver. 
Within hours of ingestion, MeHg is absorbed into the blood stream and over several days the 
majority of the Hg is distributed to other organs and tissues and the blood concentration 
declines (Day et al. 2005b). Erythrocytes (red blood cells) are the major carrier of MeHg; 
they bind a large fraction of body burden MeHg and transport it to other tissues (Ancora et al. 
2002). After demethylation of MeHg that can take place in the liver, brain and kidney, 
inorganic Hg binds to Se and forms inert complexes (HgSe) that can be retained (summary 
by Brookens et al. (2008)). Consequently, blood concentrations represent the recent dietary 
MeHg input whereas concentrations in liver and brain tissue are affected by long-term 
processes. Furthermore, the uptake, storage, transformation and possible elimination o f Hg 
compounds in brain tissue are complex and different from liver and kidney tissues (Clarkson 
and Magos 2006). Correlation of blood and brain or liver tissue and brain and liver tissues 
would therefore not be expected.
The significant linear relationship of blood and brain Hg concentrations enables the use of 
blood samples as indicators of brain concentrations. However, future studies should increase
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sample size and include different populations. Recently, the use of filter paper has been 
validated for monitoring blood Hg concentrations in wildlife populations in the Arctic 
(Hansen et al. 2014) which enables easy handling and shipping of blood samples for Hg 
analysis.
Blood sampling
Quality blood sampling has been considered challenging already in laboratory settings by 
several authors (Lima-Oliveira et al. 2012, Lippi et al. 2008).
The most common pre-analytical problem in the generation of blood samples for 
diagnostic testing is haemolysis, the rupture of erythrocytes (40 to 70% of all unsuitable 
blood samples) (Lippi and Plebani 2013). There are several potential causes of haemolysis 
during sample collection, handling, transport, processing and storage (Lippi et al. 201 lb). A 
wide range of laboratory parameters are affected by haemolysis (Lippi et al. 2008). 
Haemolyzed samples have been reported to be discarded and not included for MAO analysis 
or platelet function (Aim et al. 1994, Harrison et al. 2011, Mosnaim et al. 1990). However, it 
is not known if haemolysis was the major cause for the failure to analyze MAO in platelets 
and mAChR in lymphocytes.
Furthermore, lipemia is presence of a high concentration of lipids in the blood and may 
interfere with analysis (Rosenthal and Katz 2011). Human blood samples during the Inuit 
Health Survey that also analyzed MAO-B activity in platelets was taken from fasting 
individuals (Egeland et al. 2011, Shaw 2010). Lipemic samples should not be used for 
analysis of platelet function (Harrison et al. 2011). Naturally, fasting blood samples cannot
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be expected from wildlife. It is not known, though, if lipids directly interfere with MAO 
activity or mAChR binding.
Several factors could have contributed to the lack of protein and/ or unsuccessful 
measurement of enzyme and receptor: blood source, temperature, handling and processing 
(experience of personal), transport and storage. Whereas for Hg analysis post-mortem 
sampling is not considered a problem (Bjorkman et al. 2007) analysis of receptors and 
enzymes would ideally performed in blood sampled with a butterfly catheter from a live 
animals. If the animal is dead blood should be taken from a vein which requires trained 
personal, or from the cut throat (Woodford et al. 2000). Exposure to air and rapid filling of 
the tubes from a pulsing wound might cause bursting of blood cells, coagulation, binding of 
oxygen to red blood cells which affect the quality of blood samples negatively. Blood taken 
from a wound likely result in clot activated blood as seal platelets are notoriously vulnerable 
to activation/clotting (pers. comm. Peter Ross). Furthermore, EDTA can cause bloating of 
some white blood cells (pers. comm. Peter Ross). The transport of the samples on a bumpy 
snowmobile ride, ranging from 30 to 60 minutes could have affected sample quality even if 
vigorous shaking of blood samples has shown not to affect standard laboratory blood 
parameters (Lima-Oliveira et al. 2013). The temperature during collection, transport to the 
field lab, during processing, and transport to the analytical laboratory is crucial (Holland et 
al. 2003, Lippi et al. 2011a, Vaught 2006) and was not ideal. Also, the time between 
sampling and processing in the field lab was occasionally close to 12 hours, the amount of 
time until red blood cells begin to lyse. Whereas the blood cell isolation seemed to work in 
most cases according to protocol the handler had little experience with blood samples and 
was working under improvised conditions in a multi-utility room. Storage time and
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temperature for analyses of MAO activity in platelets and mAChR in lymphocytes have been 
studied (Stamler et al. 2005) and have been followed as closely as possible under field 
conditions. Analytical procedures during the analysis of neurochemical parameters in the 
laboratory have probably not contributed to the failure to measure enzyme and receptor in 
blood as the protocol follows closely the procedure for brain tissue which has been 
performed successfully many times.
Ideally, blood samples would be taken by trained personal via vein or cardiac puncture, 
transported in a short time in controlled and monitored temperature conditions until 
processing and further to analysis. Such a protocol would be possible with a mobile lab and 
specialized transport equipment and is thus costly.
In conclusion, the Hg concentration in ringed seal brain and blood was low compared to 
liver concentrations. The molar concentrations of Se and Hg were correlated in liver tissue 
but not in brain or blood. Blood and brain THg, MeHg, and iHg concentrations were 
correlatively related and blood could be good indicator of brain concentrations. Blood 
sampling for neurochemical analysis was challenging due to the circumstances of wildlife 
sampling in a remote location and did not provide any results. However, measuring 
neurochemical changes in peripheral blood cells could be a useful tool in environmental 
monitoring.
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7 Synthesis
Synthesis
The results of this work show that exposure of two species of Arctic marine mammals, 
ringed seals and polar bears, to environmental Hg can be associated with disruption of 
neurotransmitter systems. Furthermore, comparison to literature-based endpoints of 
neurotoxicity revealed that concentrations in brain tissue of highly exposed ringed seals are 
above the threshold for neurobehavioural changes.
These findings confirm that neurochemical markers are useful indicators of early 
neurotoxic effects of Hg in wildlife (Basu et al. 2005a, Basu et al. 2005b, Manzo et al. 2001). 
Additionally, the tissue residue-effects approach provides a valuable method for linking 
laboratory measurements of exposure and effects to the field (McCarty et al. 2011).
Considering the significance of brain integrity for animal health, questions are raised about 
the linkage of neurochemical changes to higher biological function.
Summary o f  findings
Accumulation of Hg can reach concentrations in wildlife at which clinical signs including
lethargy, ataxia, limb paralysis, tremors, convulsions, and ultimately death occur
(Scheuhammer et al. 2007, Sleeman et al. 2010). Neurochemical changes have been shown to
be early effects of Hg exposure in laboratory animals (Castoldi et al. 2006, Chakrabarti et al.
1998, Coccini et al. 2000) and wildlife (Basu et al. 2005a, Basu et al. 2007b, Basu et al.
2005b). Furthermore, effect-linked tissue residue concentrations can be established in
laboratory animals and compared to tissue concentrations in wildlife to enable risk
characterization of an environment (Buekers et al. 2009).
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Concentrations of Hg species have not been reported for different brain regions of polar 
bears and ringed seals before the beginning of this project. In chapters two, four, five and six 
I presented the concentration of THg, iHg and MeHg, the proportion of MeHg and the molar 
ratio of Se to Hg in ringed seal blood, brain and liver tissue and polar bear brain tissue and I 
compare these measures to other mammalian species.
The concentration of THg in three brain regions of ringed seals (chapter 5) was low (<2.5 
pg/g dw) compared to other marine mammals but similar to polar bears (<1 pg/g dw) 
(chapters 2, 3). Blood concentrations of THg in ringed seals were lower than concentrations 
in brain tissue (chapter 6) and comparable to concentrations in cetaceans and polar bears 
reported elsewhere. Similar to other marine mammals, the THg concentration in liver tissue 
was 5.6 to 33 fold higher than in brain tissue of ringed seals (chapter 6). In polar bear liver, 
the THg concentration was estimated to be -326 fold higher than in brain tissue which would 
be among the highest ratios known for mammalian species (chapter 2). These results indicate 
that sequestration of Hg in hair, liver and kidney tissues in both species could contribute to 
low brain concentrations.
The proportion of MeHg in the brain is highly variable between species. Similar to 
cetaceans, the proportion of MeHg in ringed seal brain was 30 to 100 % of the THg (chapter 
5). In polar bears, however, MeHg accounted for 100% of the THg in brain tissue (chapter 2). 
In ringed seal liver, the proportion of MeHg ranged from 13 to 74% and in whole blood 
MeHg contributed to 96% (median) of the THg (chapter 6). Demethylation of MeHg occurs 
in brain, liver and kidney tissue of many mammalian species (Dietz et al. 1990, Korbas et al. 
2010, Vahter et al. 1995).
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Inter-species differences in Hg toxicokinetics can be explained by physiological and also 
genetic factors (Basu et al. 2014). The demethylation of MeHg is often regarded a 
detoxification process when iHg is consequently bound to Se (Khan and Wang 2009, Korbas 
et al. 2010). There was an indication of an un-extracted Hg compound, eventually HgS, in 
liver tissue but not blood or brain of ringed seals (chapter 6).
Whereas the median molar ratio of Se:Hg was similar for ringed seals and polar bears (~6), 
it covered a wider range in ringed seal brain, from 1.6 to 72 (chapter 4, 5). In blood and liver 
tissue from ringed seals sampled in Resolute Bay, the median Se:Hg molar ratios were 15.8 
and 1.4. The great molar excess of Se over Hg in brain tissue of these two species could 
affect the neurotoxicity of Hg as a molar ratio of Se:Hg of >1 has been suggested to protect 
from Hg-associated effects (Kehrig et al. 2013, Zhang et al. 2013).
Female ringed seals had a significantly higher Se:Hg molar ratio, lower MeHg 
concentration and lower proportion of MeHg in the frontal lobe than males (chapter 5). In 
brain tissue of polar bears no difference in Hg concentration was detected between males and 
females (chapter 2). Reasons for sex-related differences in organ accumulation of Hg in 
ringed seals are speculative and the variation could be connected to different food sources 
and toxicokinetic variations between the sex classes.
Age correlated positively with THg and iHg concentrations in the frontal lobe of ringed 
seals (chapter 5) and with the concentration of THg/MeHg in the cerebellum of polar bears 
(chapter 2). Accumulation of Hg with age has been shown in different organs of mammalian 
species. Whereas this could simply show the increased body burden over time it could also 
be linked to diet differences between age groups. Also, differences in mercury toxicokinetics
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related to age (Hirayama and Yasutake 1986, Thomas et al. 1982) could affect Hg 
concentrations in the brain.
The knowledge of tissue concentrations is the first step in evaluating neurotoxic outcome 
in animals. The use of biomarkers is one approach to evaluate neurotoxic risk to wildlife. 
The tissue residue approach (TRA) is another method that links toxicological responses of 
biota to concentrations of a contaminant that were measured in an organism’s tissue 
(Sappington et al. 2011). Previously, Hg concentrations in Arctic wildlife have been 
compared to a restricted number of studies connecting neurological endpoints to Hg 
concentrations in the brain. In chapter 4, I documented Hg levels which have been linked to 
neurotoxicity in laboratory studies and wildlife observations and compare the concentrations 
to those found in ringed seal and polar bears. Several neurotoxic endpoints were identified in 
an extended literature review: clinical symptoms (>6.75 mg/kg ww), neuropathological signs 
(>4 mg/kg ww) neurochemical changes (>0.4 mg/kg ww) and neurobehavioral changes (>0.1 
mg/kg ww). Total Hg levels in polar bear brain were below levels at which neurobehavioural 
effects were reported in the literature while THg concentrations in ringed seals were in the 
range of neurobehavioural effects and individual ringed seals exceeded the threshold for 
neurochemical changes. The TRA approach is a useful tool in the risk assessment of Hg- 
associated neurotoxicity (chapter 4).
Another approach to evaluate neurotoxic risk is to study markers of neurotoxic effect in 
wildlife samples. The study of biomarkers in wildlife is limited by the absence of an 
unexposed control. Also, the association of Hg-exposure and alterations of neurotransmitter 
systems does not prove causality. Biomarkers may be used to correlate contaminant exposure 
to various endpoints; however, these alterations may not necessarily reflect toxicity but
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instead may suggest that biochemical changes are a response to the exposure (Letcher et al. 
2010). Nevertheless, neurochemical changes may represent early and reversible indicators of 
neurological harm because they occur prior to the onset of overt functional or structural 
damage (Manzo et al. 1996, Manzo et al. 2001).
Mercury concentrations have been shown to associate with alterations in neurotransmitter 
systems in several mammalian species (Basu et al. 2005a, Basu et al. 2007b, Basu et al. 
2005b, Castoldi et al. 2006, Coccini et al. 2000). Prior to the start of this study, the effects of 
iHg and MeHg on muscarinic acetylcholine receptor (mAChR) in ringed seal brain had been 
studied in vitro (Basu et al. 2006a) and no data were available on polar bear brain. In chapters 
3 and 5 I explored the relationship of Hg species in different brain regions of polar bears and 
ringed seals. Also, I performed experiments using isolates of polar bear brain tissue to 
examine the concentration-response relationship of iHg and MeHg on neurochemical marker 
(chapter 3).
In polar bears, the activity of monoamine oxidase (MAO) was decreased in the occipital 
lobe in spite of low Hg levels in the brain. This could be an early sign of Hg-related effects 
on the nervous system. In concentration-response experiments, iHg was a more potent 
inhibitor of cholinesterase (ChE) and MAO activities and binding to the mAChR than MeHg. 
The high proportion of MeHg in the brain of wild polar bears might protect these animals 
from neurotoxic effects of Hg exposure. The highest concentration of MeHg in wild polar 
bear brain was almost 3 times lower than the lowest half maximal inhibitory concentration 
(IC50) of MeHg which could explain the lack of significant effects of environmentally- 
relevant Hg on other neurotransmitter systems than the aminergic system in one brain region 
(chapter 3).
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In ringed seal brain, Hg concentrations were also relatively low, nevertheless Hg species 
affected MAO activity and binding to the N-methyl-d-aspartate (NMDA-R) (chapter 5). 
Mercury did not have an effect on mAChR binding in ringed seal brain tissue. Increased iHg 
concentrations were associated with decreased MAO activity in the cerebellum and brain 
stem. In the cerebellum, MAO activity was also affected by THg concentration. Total Hg was 
negatively and Se was positively related with binding to the NMDA-R in the cerebellum. 
Furthermore, increasing iHg concentration decreased whereas increasing MeHg increased 
NMDA-R binding in the frontal lobe. These findings indicate that several mechanisms are at 
play in modulating binding to the NMDA-R (chapter 5). This study supports the hypothesis 
that alterations of NMDA-R binding are among the most sensitive indicators of early effects 
of Hg (Basu et al. 2009). Also, MAO activity was affected by the concentrations of THg, 
which was 100% MeHg in those animals, in polar bears and by THg and iHg in ringed seals. 
Moreover, the activity of MAO seems to be an early indicator of mercury-associated effects 
in these two marine mammal species (chapter 3, 5). The NMDA receptor plays a role in 
learning, memory and synaptic plasticity (Collingridge et al. 2004, Wojciech and Parsons 
1998) and MAO is involved in aggressive behaviour and reaction to stress and fear (Shih et 
al. 1999). Recently it has been shown that the interaction of NMDA-R and MAO activity 
could be the molecular basis of antisocial behaviour (Bortolato et al. 2012). Given the 
importance of the role of neurotransmitter systems in neurobiological processes and 
consequently in shaping behaviour, modifications of NMDA-R binding and MAO activity by 
environmental contaminants is a concern to animal health. Identifying the effects of 
neurotoxic substances in representative species is a method that is applicable in ecological 
risk assessment.
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Characterizing neurochemical parameters in relation to toxicant-exposure in wildlife 
populations represents a unique tool to evaluate potential adverse neurobehavioural 
outcomes. Measurements of neurotransmitter systems involve sampling of brain tissue that is 
fatal to the animal being studied. For practical and financial reasons the access to brain tissue 
is not always possible and fatal sampling should not generally be considered unless linked to 
hunting. The use of tissue that can be obtained with less invasive sampling methods, such as 
blood tissue, would be preferred. Cholinergic and dopaminergic systems in blood cells share 
a number of properties with tissues in the central nervous system. Changes in platelet MAO- 
B or lymphocyte mAChR may reflect enzyme and receptor changes in the CNS and could be 
a surrogate marker of neurotoxicity (Manzo et al. 2001). Previous studies have shown that 
MeHg has the same effects on neurotransmitter systems in brain tissue and blood cells in 
rodents (Chakrabarti et al. 1998, Coccini et al. 2000). In order to explore the relationship 
between Hg-associated effects on neurotransmitter systems in blood cells and brain tissue 1 
sampled blood and brain tissue from ringed seals from Resolute and Allen Bay (chapter 6). 
Also, liver tissue is often available in monitoring programs and hepatic Hg concentrations 
could predict brain concentrations if they had a correlative relationship. The concentrations 
of THg, MeHg and iHg in ringed seal brain and blood were low compared to liver tissue. 
Blood and brain THg, MeHg, and iHg concentrations were correlated thus blood could be 
good indicator of brain concentrations. The analysis of neurochemical markers in blood cells 
failed probably due to challenges with the collection and processing of wildlife samples in a 
remote location without proper facilities (chapter 6). However, measuring neurochemical 
changes in peripheral nervous tissue could be a useful tool in environmental monitoring and 
its potential should be explored further.
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Significance o f  neurochemical disruption fo r  animal health
Questions remain about the effects neurochemical disruption might have on higher levels 
of biological organization. Effects on animal health and populations are very challenging to 
study in large mammals and especially in wildlife in remote locations. The significance of 
neurochemical changes to animal health has not been understood but negative consequences 
are likely.
The brain is the central location that receives information from internal and external 
sensory systems and analyses this information. The brain also stores information from past 
experience, combines memory with current needs and then sends out messages that control 
body functions and actions (Carew 2000, McGeer et al. 1987). The mammalian nervous 
system uses different neurotransmitters that act on different receptors. These receptors 
activate second-messenger systems which then activate ion channels and enzymes (McGeer 
et al. 1987). Interruptions of neurochemical receptors and enzymes in the nervous system 
have been connected to behavioural changes in laboratory animals (Shih 2004, Wess 2004). 
For example, MAO A knockout mice showed increased aggressive behaviour (Shih 2004) 
and acetylcholinesterase (AChE) knockout mice expressed changes in motor activity and 
behavioural deficits including absence of aggression and diminished pain perception (Duysen 
et al. 2002). Wess (2004) reported that mAChR 1 deficient mice showed cognitive deficits. 
Mice with reduced NMDA-R expression showed increased motor activity and stereotypy and 
deficits in social and sexual interactions (Mohn et al. 1999).
These behavioural changes would be difficult to observe in any wildlife and extremely 
difficult in Arctic marine mammals. Population level effects would also be difficult to study 
because “a serious difficulty in assessing population level effects of contaminants on
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demography is that large amounts of data are required to obtain sufficient resolution” 
(Derocher et al. 2003).
In aquatic invertebrates, exposure to organophosphates resulted in reduced levels of AChE, 
increased mortality, and reduced abundance. The authors imply that AChE reduction is an 
early warning of potential effects on populations (Sibley et al. 2000). One study on 
contaminant affected fish established linkage between different levels of biological 
organization (Weis et al. 2001). In mummichogs (Fundulus heteroclitus), a small killifish, 
alterations in neurotransmitter and thyroid hormones lead to behavioural changes, 
specifically impaired predator-prey behaviour. This impaired predator-prey behaviour 
resulted in a poor diet which then caused reduced growth, reduced condition and reduced 
longevity (Weis et al. 2001).
Kohler and Triebskom (2013) documented the effects of pesticides at the individual level 
and linked those effects to consequences in the population. They also point out that data 
about many endangered mammalian species, particularly Arctic marine biota, ares scarce 
(Kohler and Triebskom 2013). In any case, studies on integrating effects of contaminants 
across levels of biological organization are rare and currently the effects of neurochemical 
changes on populations are unknown.
Cellular and biochemical alterations challenge homeostasis which is likely energetically 
costly (Rasmussen et al. 2008). Brain tissue is metabolically expensive (Aiello and Wheeler 
1995) and action potentials and postsynaptic effects of glutamate alone are predicted to 
consume most of the energy (81%) in the grey matter of rodent brain (Attwell and Laughlin 
2001). Interference with neurotransmitter systems by chronic Hg exposure and the need to 
keep the complex nervous system balanced probably has energetic consequences.
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Mercury exposure is not the only potential stressor for arctic marine mammals. Arctic 
marine mammals are exposed to a wide range contaminants, including metals and persistent 
organic pollutants (AMAP 2005) which can have a wide range of effects on immune, 
nervous, reproductive, and endocrine systems and development. There is limited research on 
interactions between Hg and other environmental pollutants and the effects of co-exposure 
should be pursued further to increase the understanding of effects of environmental 
contaminants on wildlife.
Decreased wildlife health and increased mortality can also be expected from the interaction 
of contaminants and other stressors such as parasites (Marcogliese and Pietrock 2011). The 
occurrence of infectious diseases and parasites could potentially increase in arctic ecosystems 
due to climate change (Bradley et al. 2005, Hueffer et al. 2011, Kutz et al. 2005, Marcogliese 
2008). Habitat reduction and changing food webs associated with climate change are a risk to 
arctic marine mammals as they affect foraging success, fertility rates, and mortality (Kovacs 
et al. 2011). The combination of endocrine-disrupting chemicals and climate change is 
expected to cause an amplified risk to arctic marine mammals because endocrine systems are 
involved in facilitating the adequate response to environmental stress (Jenssen 2006). 
Furthermore, longer ice-free seasons in the Arctic may lead to higher mercury levels in 
ringed seals (Gaden et al. 2009) and the effects of increasing Hg tissue concentrations are 
unknown. There is extensive uncertainty regarding the assessment of risk to wildlife from 
several, possibly interacting, stressors and more research is needed before this topic can be 
adequately addressed (Munns Jr 2006).
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Future research directions 
Research on arctic marine mammals should only be conducted if there is interest in the 
research topic in Inuit communities and support has been confirmed. Also, traditional 
ecological knowledge could contribute to the understanding of potential changes in behaviour 
and demography of arctic animals.
Effects of contaminants found in ringed seal brain on several neurotransmitter systems 
should be examined further. Measurement of neurochemical disruption in blood cells could 
be a useful surrogate marker of neurotoxicity (Manzo et al. 1996) and its potential should be 
explored. This study has shown that blood is a good indicator of Hg brain concentrations in 
ringed seals and this finding should be extended to other seal populations. Also, the 
application of filter paper for analysis of Hg offers a practical approach for monitoring Hg 
levels in wildlife populations, especially in remote locations. Recently, the use of filter paper 
has been validated for monitoring blood Hg concentrations in wildlife populations in the 
Arctic (Hansen et al. 2014) which enables easy handling and shipping of blood samples for 
Hg analysis. Fur is also a useful matrix for Hg analysis in marine mammals (Aubail et al. 
2011, Dietz etal. 2006).
Knowledge of the mechanisms causing adverse effects are key in predicting effects across 
phylogenetic groups and in estimating how changes at one biological level could affect other 
levels (e.g. predicting population-level effects) (Snape et al. 2004). The phenomenological 
approach used to assess potential impact of chemicals on organisms rely on measuring 
whole-organism responses (e.g. mortality, growth, reproduction) of indicator species and 
contribute little our understanding of the mechanisms (Snape et al. 2004). The potential of 
ecotoxicogenomic, the study of gene and protein expression that responses to environmental
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toxicant exposures in organisms, in ecological risk assessment seems great (Snape et al. 
2004). Proteomics describes the study of the total complement of proteins in a cell or tissue 
type, expressed under specific conditions (Snape et al. 2004) and enables the identification of 
biomarkers of chemical exposure and studies of mechanisms by which protein alteration 
contribute to the adverse effects of contaminants (Liebler 2002). The proteome is affected by 
post-translational modifications and therefore can provide great understanding into the 
mechanisms of a response to chemical contaminant exposure (Veldhoen et al. 2012). The 
proteomics approach to identify potential biomarkers of neurotoxicity has been used 
successfully in rodents and fish (Aim et al. 2006, Zhu et al. 2006). Protein function is 
conserved and protein encoding regions are substantially similar between species within a 
general animal group (e.g. placental mammals) (Veldhoen et al. 2012). However, a challenge 
with marine mammals is field-based collection of suitable source material for molecular 
analyses because obtaining tissue from fresh carcasses or non-lethal collection of biopsies 
from live animals requires rapid preservation methods to assure integrity of the proteome 
(Veldhoen et al. 2012). Blood samples are suitable for proteomic analysis and can contribute 
to our understanding of signaling pathways and molecular networks but are sensitive to 
various sources of artefacts (Lista et al. 2013). While not presently used to a great extent, 
application of proteomics and metabolomics in environmental assessment of marine mammal 
species will certainly be forthcoming (Veldhoen et al. 2012).
Conclusion
Anthropogenic contaminants are accumulating in arctic ecosystems and potentially cause 
adverse effects in biota. The Government of Canada signed the Stockholm Convention on
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reduction of persistent organic pollutants and recently the Minamata Convention, a global 
agreement to reduce mercury emissions and releases to the environment. The emissions of 
persistent organic pollutants were successfully reduced but even the banned pollutants will be 
present in ecosystems and organisms for decades to come. The Minamata Convention will 
hopefully reduce Hg levels in the environment over time. However, in order to reduce the 
risk of detrimental effects on any level of biological organization, sub-clinical effects should 
be monitored in arctic marine mammals.
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Appendix A
Thresholds of toxicity as found in laboratory studies; bw: body weight, NOAE(L): no observed adverse effect (level), 
LOAE(L) lowest observed adverse effect (level), bs: brain stem, cb: cerebellum, ce: cerebrum, wb: whole brain.
Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
mouse
(ICR strain),
male,
n=15
(+control)
gastric tube, 
daily for 7 
weeks
0.05 pg MeHgCl/g/day 0.241+/-0.003 cb, 
0.161 +/-0.007 ce, 
0.153+/-0.004 bs
behavioral,
auditory,
biochemical
Huang et al. 
(2008)
mouse
(C57B1/6 Jico 
inbred strain), 
male,
n=24 each 
group
with food, 
MeHg
contaminated
fish
(+salmon 
control + 
control),
3 months
0.0054+/-0.0005 pg Hg/g food 
pellet for MeHg-fish group, 
0.0016+/-0.00015 pg Hg/g food 
pellet for salmon group, 
0.0014+/-0.0002 pg Hg/g food 
pellet for control
0.01+/-0.002
in fish-MeHg group
(salmon and control
group: 0.0008+/-
0.0001)
*
immune, genetic, 
neuropathological
Godefroy et 
al. (2012)
mouse,
male,
n=3x8 animal 
(+ control)
dietary, 
MeHg-fish, 
30 days
0.0054+/-0.0005 pg MeHg/g 
food pellet (0.1%), 
0.0624+/-0.012.8 MeHg/g food 
pellet (1%),
0.520+/-0.187 pg MeHg/ g 
food pellet fish-containing diet 
(7.5%) and 0% control
0.005+/-0.001 
(0.1%), 0.063+/- 
0.003 (1%), 0.299+/- 
0.031(7.5%),
0%: nq 
(n=3)
behavioral Bourdineaud 
et al. (2008)
220
Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
mouse,
male,
n=3xl2
dietary,
fish containing 
diet: control, 
salmon (SAL) 
and blend of 
cod, tuna and 
swordfish 
(CTS), 60 days
0.0023+/-0.0001 pg MeHg/g 
food pellets (SAL), 
0.00375+/-0.0002 pg MeHg/g 
of food pellets (CTS), 
0.0012+/-0.0002 pg MeHg/g 
food pellets (control)
0.0142+/-0.0009 ce 
(SAL),
0.0447+/-0.009 ce 
(CTS),
0.0124+/-0.002 ce 
(control);
0.0080+/-0.0016 cb 
(SAL),
0.0328+/-0.0036 cb 
(CTS),
0.0064+/-0.0017 cb 
(control),
(n=4 each group)
behavioral,
neurochemical
Bourdineaud 
et al. (2011)
mouse
(C57B1/6 lico 
inbred strain), 
male, 
n=2xl6 
(+control)
with food,
29 or 57 days
0.237 ± 0.023 pg MeHg from 
fish/g
(50 pg/kg/day)
0.26 ± 0.04 cb,
0.41 ± 0.13 frontal 
cortex,
0.20 ± 0.07 bs 
(n=3)
behavioral,
neurochemical
Bourdineaud 
et al. (2012b)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
mouse
(C57B1/6 Jico 
inbred strain), 
male, 
n=2xl6 
(+control)
with food,
29 or 57 days
0.253 ± 0.038 pg MeHgCl/g 
(50 pg/kg/day)
0.33 ± 0.06 cb,
0.73 ± 0 . 1 6  frontal 
cortex,
0.27 ± 0.07 bs 
(n=3)
neurochemical; 
no change in 
behavior
Bourdineaud 
et al. (2012b)
mouse
(C57B1/6 Jico 
inbred strain), 
male
with food, 
3 months
0.0015+/-0.0002 pg Hg/g fish- 
MeHg (70% MeHg in diet), 
0.0014 ± 0.0002 pg Hg/g of 
food pellets 
(control (100% iHg))
0.0074+/-0.0016 wb 
*
genetic Bourdineaud 
et al. (2012a)
mouse
(C57B1/6 Jico 
inbred strain), 
male
with food, 
3 months
0.0054 ± 0.0005 pg Hg/g,
1 pg/kg bw (salmon-diet (6% 
MeHg )),
0.0014 ± 0.0002 pg Hg/g food 
pellets (control (100% iHg))
0.0029+/-0.0006 wb
(100% MeHg)
*
@
genetic Bourdineaud 
etal. (2012a)
mouse,
n=6
intragastric, 
61 days
0.25 mg MeHgCl/kg/day, 
total dose 15.25 mg/kg
2.0 (0.68-4.5) clinical (mild) Berthoud et 
al. (1976)
mouse,
n=4
intragastric, 
45 days
1.0 mg MeHgCl/kg/day, 
total dose 45.0 mg/kg
16.5(6.9-21.8) neuropathological,
clinical
Berthoud et 
al. (1976)
mouse,
n=7
intragastric, 
14 days
4.0 mg MeHgCl/kg/day, 
total dose 56.0 mg/kg
32.1 (19.2-52.0) neuropathological,
clinical
Berthoud et 
al. (1976)
rat,
female, 
n=58 in total
in drinking 
water, chronic 
(lifelong)
400 pg MeHgCl/kg/day 10 total brain 
iHg<0.6%
#
&
clinical Day et al. 
(2005)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
rat,
female, 
n=58 in total
in drinking 
water, chronic 
(lifelong)
40 pg MeHgCl/kg/day -0.2
iHg<0.6%
#
&
NOAE Day et al. 
(2005)
rat gastric tube, 
21 days
4 mg MeHgCl/kg/2 days 21.35+/-3.01 ce, 
19.24+/-3.71 cb 
after 24 days 
(LOAEL 20 Hg/g 
ww)
$
neuropathological,
clinical
Nagashima
(1997)
rat gastric tube, 
7 days
10 mg MeHgCl/kg/day 30.4 ce
after 21 days 
(LOAEL 20 Hg/g 
ww)
$
neuropathological, 
clinical (severe)
Nagashima
(1997)
rat,
male,
n=50 in total
with food, 
16 months
250 pg MeHg/kg/day 10.4 ce, 
12.3 cb 
(n=15) 
&
neuropathological,
clinical
Munro et al. 
(1980)
rat,
male,
n=50 in total
with food, 
26 months
50 Hg MeHg/kg/day 2.2 ce,
1.92 ww cb, 
(n=12)
&
LOAEL Munro et al. 
(1980)
rat,
male,
n=50 in total
with food, 
26 months
10 Hg MeHg/kg/day 0.43 ce, 
0.47 cb, 
(n=12) 
&
NOAEL Munro et al. 
(1980)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
rat,
female, n=50 
in total
with food, 
26 months
250 pg MeHg/kg/day 7.32 ce, 
7.3 cb, 
(n-13) 
&
neuropathological,
clinical
Munro et al. 
(1980)
rat,
female, 
n=50 in total
with food, 
26 months
50 pg MeHg/kg/day 2.16 ce, 
2.01 cb, 
n=13 
&
LOAEL Munro et al. 
(1980)
rat,
female, 
n=50 in total
with food, 
26 months
10 pg MeHg/kg/day 0.36 ce, 
0.43 cb, 
(n=12) 
&
NOAEL Munro et al. 
(1980)
rat,
male,
n=70 in total
per os,
on two 
successive days
1.65 mg MeHgCl/kg bw daily, 
total dose of 3.3 mg/kg
-0.75 wb 
after 5 days 
1
behavioral 
(dose-response 
relationship of the 
MeHg-induced 
changes)
Arito et al. 
(1983)
rat,
male,
n=70 in total
per os,
on two 
successive days
5 mg MeHgCl/kg bw daily, 
total dose of 10 mg/kg
-2  wb 
after 5 days,
-2.5 wb after 10 days 
and -1 wb after 20 
days
behavioral 
(total dose of 
threshold for 
inducing
reversible changes 
-  2 pg/g ww)
Arito et al. 
(1983)
rat,
male,
n~lQ in total
per os,
on two 
successive days
15 mg MeHgCl/kg bw daily, 
total dose of 30 mg/kg
-7.5 wb
after 5 days, 10 wb 
after 10 days and -5  
wb after 20 days
J
behavioral 
(long-lasting 
disorder -10  pg/g 
ww)
Arito et al. 
(1983)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
rat,
male,
n=10 each 
group
gastric
intubation, twice
20 mg MeHgCl/ kg bw in total 2.2+/-0.2 cb, 
2.6+/-0.2 ce (n=10) 
%
N O A E Fehling et al. 
(1975)
rat,
male,
n=10 each 
group
gastric
intubation, twice
40 mg MeHgCl/ kg bw in total 7.9+/-1.3 cb, 
9.5+/-1.7 ce (n=9) 
%
neuropathological,
clinical
Fehling et al. 
(1975)
rat,
male,
n= 10-11 each
group
(+control)
dietary, 
4 weeks
10 pg MeHg/g food 0.18 wb excl. cb 
(n—11)
N O A E Yamamura et 
al 1986
rat,
male,
n= l0-11 each
group
(+control)
dietary,
6 and 8 weeks
10 pg MeHg/g food 0.47 wb excl. cb 
after 6 weeks exp 
(n=l 1), 0.49 wb 
excl. cb after 8 weeks 
exp (n=10)
neuropathological,
clinical
Yamamura et 
al. (1986)
rat,
male,
n=15
(+control)
with food, 
2 weeks
20 pg MeHg/g food 1.057+/-0.04 wb excl. 
cb
(n=15)
electrical
potential,
clinical
Yamamura et 
al. (1986)
rat,
male,
n=16
(+control)
with food, 
4 weeks
20 pg MeHg/g food 1.536+/-0.07 wb excl 
cb
(n=7)
electrical
potential,
clinical
Yamamura et 
al. (1986)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
rat (Wistar) 
male,
n=8 (+control)
gastric tube, 
100 days
140 pg MeHgCl/kg/day, 
total dose 1.4 mg/kg
0.267+/-0.024
A
immune Grotto et al. 
(2011)
ranch mink, 
female,
n=5-10 each
group
(+control)
dietary, 
145 days
50 % fish in total (group 2),
75 % fish in total (group 3), 
(group 1 - control - no fish); 
fish containing 0.44 ± 0.02 
MeHg mg/kg
0.5
(group 2 both adults 
and juveniles), 3.4 
(group 3 adults), 2.6 
(group 3 juveniles), 
0.3 (group 1 -control- 
adults), 0.1 (group 1 - 
control-juveniles), 
(after 120 days)
&
NOAE Wobeser and
Nielsen
(1976)
ranch
female,
n=5
mink, dietary, 
93 days
0.1 mg MeHgCl/kg (control) 0.1,
n=2
&
NOAE Wobeser et al. 
(1976)
ranch
female,
n=5
mink, dietary, 
93 days
1.1 mg MeHgCl/kg 7.1, 9.3, 
avrg 8.2 
n=2,
&
neuropathological Wobeser et al. 
(1976)
ranch
female,
n=5
mink, dietary, 
93 days
1.8 mg MeHgCl/kg 4.1, 12.2, 
avrg 8.15 
n=2,
&
neuropathological,
clinical
Wobeser et al. 
(1976)
ranch
female,
n=5
mink, dietary, 
93 days
4.8 mg MeHgCl/kg 8.6, 12.3, 
avrg 10.45 
n=2 
&
neuropathological,
clinical
Wobeser et al. 
(1976)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
ranch mink,
female,
n=5
dietary, 
93 days
8.3 mg MeHgCl/kg 12.1, 14.5, 
avrg 13.3 
n=2 
&
neuropathological,
clinical
Wobeser et al. 
(1976)
ranch mink,
female,
n=5
dietary, 
93 days
15 mg MeHgCl/kg 15.4, 15.9, 
avrg 15.65 
n=2 
&
neuropathological,
clinical
Wobeser et al. 
(1976)
mink,
mixed group 
males (n=3) 
and females 
(n= 12)
dietary, 
32 days
5 mg/kg MeHg, 
total dose approx. 18 mg
19.9+/-4.55
for MeHg group after
32 days
(n=15)
&
clinical Aulerich et al. 
(1974)
mink,
mixed group 
males (n=3) 
and females 
(n=12)
dietary,
135 days
10 mg/kg HgCl2 0.24 for HgCb group 
after 135 days (n=l) 
&
NOAE Aulerich et al. 
(1974)
mink,
mixed group 
males (n=4) 
and females 
(n=15)
with food,
81 to 185 days
1 pg MeHg(MeHgCl)/g 
commercial mink food
15.3
(4 females, died after 
73 to 81 days of exp), 
4.2 (4 females, 
euthanized after 163 
days of exp), 18.1 (2 
males, euthanized 
120 days of exp), 3.7 
(2 males, euthanized 
after 185 days of exp)
clinical Wren et al. 
(1987)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
A
mink, captive, 
n=9 each 
group
with food, 89 
days, MeHg 
(0,0.1,0.5,1,2 
ppm )
17.5+/-1.7 pg/kg 
bw/dayMeHgCl (0.1 ppm diet)
0.38+/-0.09 neurochemical
(receptor)
Basu et al. 
(2007)
mink, captive, 
n=9 each 
group
with food, 89 
days, MeHg 
(0,0.1,0.5,1,2 
ppm)
77.4+/-7.6 Mg/^g 
bw/dayMeHgCl (0.5 ppm diet)
1.02+/-0.25 neurochemical
(receptors,
enzyme)
genetic
Basu et al. 
(2006)
Basu et al. 
(2008)
Basu et al. 
(2010)
Basu et al. 
(2013)
mink, captive, 
n=9 each 
group
with food, 89 
days, MeHg 
(0,0.1,0.5,1,2 
ppm )
162.5+/-23.5 gg/kg 
bw/dayMeHgCl (1 ppm diet)
1.83+/-0.24 neurochemical
(receptor)
Basu et al. 
(2010)
mink, captive, 
n=9 each 
group
with food, 89 
days, MeHg 
(0,0.1,0.5,1,2 
ppm )
267.8+/-24.9 pg/kg 
bw/dayMeHgCl (2 ppm diet)
3.85+/-0.98 neurochemical
(receptor)
Basu et al. 
(2010)
river otter, 
males, 
n=3x3 
(+control)
with food, 
until death 
G l: 185 days 
G2: 117 days 
G3: 54 days
2 mg Hg/kg food,
total dose 17.3 mg Hg/kg bw
(Gl),
4 mg Hg/kg food, total dose 
19.9 mg/kg bw (G2),
13.3 Gl (n=3), 21 
G2 (n=l), 23.7 G3 
(n-3),
75% organic Hg
A
clinical signs 
(correlated with 
dose)
O’Connor and
Nielsen
(1981)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
8 mg/kg food, total dose 18.9 
mg Hg/kg bw(G3);
MeHg hydroxide
cat,
n=16
shellfish diet, 
30 days avrg.
1 -3 mg MeHg/day/kg bw 12
(n=7)
&
neuropathological,
clinical
Takeuchi et 
al. (1962)
cat,
mixed group 
males 01=6 ) 
and females 
(n=6),
6 weeks old 
(6 of them 
control)
dietary,
188 days
24.75 pg MeHg/day canned 
tuna diet,
-21.84 mg Hg/kg ww food, 
control fed on canned beef
0.01 (males),
0.17+/-0.04 (females) 
*
behavioral
(subtle)
Houpt et al. 
(1988)
cat,
males (n=8) 
and females 
(n=8), 1-2 
years old 
(+control)
with food, until 
onset of critical 
clinical signs 
(14-24 weeks)
0.25 mg MeHg/kg/day, MeHg 
either from contaminated fish 
or as MeHgCl
-28 cb, 
-18 ce
A
oo
clinical,
neuropathological
Charbonneau 
et al. (1974)
cat,
males and 
females, 
n=8 each 
group
with food, 
two years
46 pg MeHg/kg/day,
MeHg either from contaminted 
fish or as MeHgCl
6-7
A
clinical signs 
(mild)
Charbonneau 
et al. (1976)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
cat,
males and 
females, 
n=8 each 
group
with food, 
up to two years, 
dose until onset 
of clinical signs 
-17.5 pg/kg day 
(176 group, 2 
weeks) resp. 
-21 pg/kg/day 
(74 group, 40 
days)
74 or 176 pg MeHg/kg/day, 
MeHg either from contaminted 
fish or as MeHgCl
-16.4 cb,
-14.2 frontal cortex, 
-10.8 occipital cortex
A
0 0
neuropathological,
clinical
Charbonneau 
et al. (1976)
cat,
males and
females,
n=5 (+control)
orally,
in gelatine 
capsules,
16-20 days
1.29 mg MeHg/kg daily, 
total dose at onset of clinical 
signs (mean 17+/-0.7 days): 
mean 21.7+/-0.9 mg MeHg/kg, 
total dose at necropsy (mean 
18+/-1 days): mean 23.5+/-1.3 
mg MeHg/kg;
Methylmercuric hydroxide
15.9+/-0.9 pg 
MeHg/g ww (range 
12.8-18.5) (2-3 days 
after onset of clinical 
signs)
A
neuropathological,
clinical
Davies and
Nielsen
(1977)
cat,
males and
females,
n=4 (+control)
orally,
in gelatine 
capsules,
17-27 days
0.86 mg MeHg/kg daily, total 
dose at onset of clinical signs 
(mean 20+/-1.9 days): 
mean 17.4+/-1.6 mg MeHg/kg, 
total dose at necropsy (mean 
22+1-2.2 days): mean 18.9+/- 
1.9 mg MeHg/kg; 
Methlmercuric hydroxide
15.4+/-0.5 pg 
MeHg/g ww (range 
14.4-16.9) (2-7 days 
after onset of clinical 
signs)
A
neuropathological,
clinical
Davies and
Nielsen
(1977)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
cat,
n=5 each
group
(+control)
oral,
with fish 
homegenate, 
60-83 days 
(onset of clinical 
signs)
-0.45 mg MeHg/kg/day in both 
groups,
6 mg Hg/kg food (MeHg- 
contaminated fish or 
uncontamiated fish with added 
MeHgCl)
18
in both exposed 
groups, 100% MeHg
neuropathological,
clinical
Albanus et al. 
(1972)
dog,
mongrel, 
n=l (+control)
oral,
in evaporated 
milk,
55 weeks
60.2 pg/kg,
total dose 23.18 mg/kg at 
necropsy;
Methylmercuric hydroxide
1.0
A
NOAEL Davies et al. 
(1977)
dog,
mongrel, 
n=l (+control)
oral,
in evaporated 
milk,
55 weeks
120.4 pg/kg, total dose at 
necropsy 46.35 mg/kg; 
Methylmercuric hydroxide
4.3
A
neuropathological Davies et al. 
(1977)
dog,
mongrel,
n=4
oral,
in gelatine 
capsules, 
mean 43.5+/-1.4 
days
430 pg/kg, total dose 18.7+/- 
0.6 mg/kg until onset of clinical 
signs (43.5+/-1.4), total dose at 
necropsy 21.0+/-1.1 pg/g ww 
(mean 48.8+/-2.5 days) 
(Methylmercuric hydroxide)
16.2+-/1.9 
(range 11 -20)
A
neuropathological,
clinical
Davies et al. 
(1977)
dog,
mongrel,
n=4
oral,
in gelatine 
capsules, 
mean 37.5+/-4.1 
days
640 pg/kg, total dose 24.0+/-2.7 
mg/kg until onset o f clinical 
signs (37.5+/-4.1), total dose at 
necropsy 26.5+/-4.6 pg/g ww 
(mean 43.0+/-6.9 days)
19.2+/-1.9 
(range 15-24)
A
neuropathological,
clinical
Davies et al. 
(1977)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
(Methylmercuric hydroxide)
dog,
beagle,
12-14 weeks 
old,
n=l 1 (~3 each 
group)
oral,
in olive oil, 
7 days
500 pg MeHgCl/kg/day 0.86 cb,
1.28 occipital cortex, 
after 7 days
electrical potential 
(subtle)
Mattsson et 
al. (1981)
dog,
beagle,
12-14 weeks 
old,
n=l 1 (~3 each 
group)
oral,
in olive oil,
55 days (when
clinically
affected)
500 pg MeHgCl/kg/day 6.8 cb,
12.6 occipital cortex, 
after 55 days 
(n=3)
clinical Mattsson et 
al. (1981)
horse,
standardbred
gelding,
aged,
n=l (+ 1 
control)
with food, 
10 weeks
10 g MeHgCl in total,
-22 pg/kg bw in 10 weeks 
(-0.2 pg daily for 5 days/ 
week)
13 MeHg (97.5%) cb, 
iHg 0.3 cb, 11 (MeHg 
96.5%) ce, iHg 0.4 ce
A
neuropatho logical, 
clinical
Seawright et 
al. (1978)
P'g’
Yorkshire 
Hampshire 
crossbred, 
males and
orally,
daily
1.29 mg MeHg/kg (G l,n=2), 
0.86 MeHg/kg (g2, n=2), 0.64 
mg MeHg/kg (G3, n=5),
0.43 mg MeHg/kg (G4, n=4),
0 mg MeHg/kg (control, n=3);
MeHg pg/g ww 
13.0+/-0.8 (Gl), 
12.6+/-0.1 (G2), 
10.9+/-0.3 (G3), 
8.8+/-0.5 (G4),
neuropathological,
clinical
Davies et al. 
(1976)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
females,
8-11 weeks 
old, n=16
MeHg hydroxide control: 1.3
A
Macaque 
(stumptail and 
pigtail 
monkeys),
6 males, 6 
females
oral,
on biscuit, 
30-75 days
1 mg MeHg/kg initially for 
several days,
then <1 mg/kg weekly 
maintenance, 30-75 days
-7  cb,
~7 temporal cortex, 
~8.5 occipital cortex 
(n=3)
A
J
NOAE Evans et al. 
(1977)
Macaque 
(stumptail and 
pigtail 
monkeys),
6 males, 6 
females
oral,
on biscuit, 
200-386 days 
(onset of 
neurological 
signs)
1 mg MeHg/kg initially in 5 
day intervals, 4-5 times in total, 
then <1 mg/kg weekly 
maintenance, until onset of 
neurological signs: 200-386 
days
-6.75 cb,
-7  temporal cortex, 
-6.75 occipital cortex 
(n=3)
A
J
neuropatho logical, 
clinical
Evans et al. 
(1977)
Macaque 
(stumptail and 
pigtail 
monkeys),
6 males, 6 
females
oral,
on biscuit, 
52-147 days 
(onset of 
neurological 
signs)
1 mg MeHg/kg initially in 5 
day intervals, 4-5 times in total, 
then <1 mg/kg weekly 
maintenance, until onset of 
neurological signs: 52-147 days
-8.25 cb,
-12.5 temporal 
cortex, -10 occipital 
cortex (n=3)
A
f
neuropathological, 
clinical (more 
severe than lower 
exposed group)
Evans et al. 
(1977)
Squirell 
monkey, 
10 males
gastric tube 1-2 mg/kg initially for 77 days, 
then <1 mg/kg weekly 
maintenance
-2.25 cb,
-3.5 parietal cortex, 
-4  occipital cortex 
(n=4)
NOAE Evans et al. 
(1977)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise specified
Symptoms/
Response
Reference
Squirell 
monkey, 
10 males
gastric tube, 
36-305 days 
(onset of 
neurological 
signs)
1-2 mg/kg initially for 77 days, 
then <1 mg/kg weekly 
maintenance, until onset of 
neurological signs: 36-305 days
-2.5 cb,
-3.75 parietal cortex, 
-3.5 occipital cortex 
(n=2)
A
1
neuropathological,
clinical
Evans et al. 
(1977)
Squirell 
monkey, 
10 males
gastric tube, 
420-480 days 
(onset of 
neurological 
signs)
1-2 mg/kg initially for 77 days, 
then <1 mg/kg weekly 
maintenance, until onset of 
neurological signs: 420-480 
days
-7.25 cb,
-8  parietal, -14.75 
occipital cortex (n=4)
A
J
neuropathological, 
clinical (more 
severe than lower 
exposed group)
Evans et al. 
(1977)
Squirrel 
monkey, 
n=l each 
group
gastric tube, 
with infant milk 
formula, 
weekly, 48 days
0.2-0.8 mg MeHg/week, 
total dose 4.4 mg/kg; 
MeHg hydroxide
5.2 cb,
6.6 occipital cortex,
3.7 frontal cortex
(40 days after end of
exposure,
n=l)
LOAEL
neuropathological,
clinical
Berlin et al. 
(1975)
harp seal, 
adult female, 
immature 
male, n=2 
(+control)
dietary,
60 or 90 days
0.25 mg MeHgCl/kg/day 14.8/21.8
&
behavioral
(subtle)
Ronald et al. 
(1984)
harp seal, 
immature 
females, n=2 
(+control)
dietary,
20 or 26 days
25 mg MeHgCl/kg/day 23.8/42.9 clinical Ronald et al. 
(1984)
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a bs: brain stem, cb: cerebellum, ce: cerebrum, wb: whole brain
* values converted from dw
@ MeHg ng/g from related experiment
# MeHg read from graph
$ Hg concentration supposedly measured as MeHgCl 
% both dw and ww reported 
A in formalin
& values probably reported THg pg/g ww 
J values out o f graph 
co mean calculated from table
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Appendix B
Field observations of mercury (Hg) toxicity; bs: brain stem, cb: cerebellum, ce: cerebrum, wb: whole brain.
Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg (mg/kg ww]
unless otherwise 
specified
Symptoms Reference
cat,
n=l
fish diet prob. >90% MeHg, 
dose unknown
6.9
&
neuropathological Takeuchi et 
al. (1977)
cat,
n=l
fish diet prob. >90% MeHg, 
dose unknown
16.4
&
clinical Takeuchi et 
al. (1977)
dog,
n=l
fish diet, 
7 years
80-160 pg/kg/day 
(2.5 to 5 mg/day), 
-90%  MeHg
2.5 cb,
5.1 occipital cortex, 
93% inorganic 
(4 years after 
exposure has ceased)
A
>
clinical while on fish diet; 
neuropathological detected 
after dog died age 12 (more 
pronounced than in in same- 
age-control dogs)
Hansen et al. 
(1989)
dog,
males and 
females,
6 weeks to 15 
years, n=10
marine mammal 
diet
prob. MeHg 0.15-1.07,
MeHg 100% 0-1 
year,
95% 1-5 years,
54% 10-15 years
A
neuropathological 
in two older dogs
Hansen and
Danscher
(1995)
wild mink, 
n=l
probab. fish diet prob. MeHg 13.4
&
neuropathological,
clinical
Wobeser and 
Swift (1976)
wild mink, 
n=47
natural fish diet 
(-50% fish)
prob MeHg -0.71
MeHg 88+/-15.5%
0 0
neurochemical (receptors) Basu et al. 
(2005a)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise 
specified
Symptoms Reference
*
wild mink, 
n=20
natural fish diet 
(-50% fish)
prob MeHg 1.6/-1.4
MeHg 88+/-15.5% 
*
neurochemical (receptor) Basu et al. 
(2007b)
wild otter, 
n=l
fish diet prob. MeHg >30 clinical,
animal found dead, tracks 
showed the animal behaved 
erratically, travelled in circles 
and fell over
Wren (1985)
wild otter, 
n=l
fish diet prob. MeHg 148 clinical,
neuropathological, 
death by drowning 
shortly after discovery
Sleeman et al. 
(2010)
wild river 
otter, n=66
natural fish diet prob MeHg -0.6 cb 
-0.74 ce,
MeHg 73.9+/-26.4% 
00 
*
neurochemical (receptors) Basu et al. 
(2005b)
wild river 
otter, n=34
natural fish diet prob MeHg -0.6 cb 
-0.74 ce,
MeHg 73.9+/-26.4%
00
*
neurochemical (enzymes) Basu et al. 
(2007a)
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Species (sex, 
age and 
number if 
available)
Exposure type 
(administration 
and duration)
Form of Hg (dose) Brain concentration 
THg [mg/kg ww]
unless otherwise 
specified
Symptoms Reference
wild river 
otter, n=100
natural fish diet prob MeHg 2.4+/-0.16 cb,
0.22+/-0.14 occipital
cortex, 0.18+/-0.01 bs 
*
neurochemical (receptor) Dombos et al. 
(2013)
wild polar 
bear, n=60
natural seal diet prob MeHg 0.1+/-0.03 MeHg 
82.8+/-7.8%
neurochemical (receptor) Basu et al. 
(2009)
wild polar 
bear, n=47
natural seal diet prob MeHg 0.1+/-0.03 MeHg
82.8+/-7.8%
*
genetical Pilsner et al. 
(2010)
a bs: brain stem, cb: cerebellum, ce: cerebrum, wb: whole >rain
& values probably reported THg pg/g ww 
A in formalin 
> in paraffin
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